19960412  051 


DI  ClAIMEI  NOTICE 


TfflS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


JOURNAL  OF  SUPERCONDUCTIVITY 


Journal  of  Superconductivity  is  an  international  forum  for  the  publication  of  high-quality,  peer-reviewed  original  papers  and 
review  articles  on  all  aspects  of  the  science  and  technology  of  superconductivity.  Journal  of  Superconductivity  is  devoted  solely 
to  this  subject  area,  publishing  papers  and  reviews  on  significant  developments  in  the  field  of  superconductivity — both  basic 
research  and  applications.  Topics  include  (but  are  not  limited  to):  new  materials,  new  meehanisms,  new  phenomena,  basic 
properties,  technological  properties,  and  small-scale  and  large-scale  applications. 


CO-EDITORS 

Donald  U.  Gubser,  Materials  Science  and  Technology  Division,  Naval  Research  Laboratory,  Washington,  D.C. 

Vladimir  Kresin,  Lawrence  Berkeley  Laboratories,  Berkeley,  California 

Stuart  A.  Wolf,  Material  Physics  Branch,  Naval  Research  Laboratory,  Washington,  D.C. 


EDITORIAL  BOARD 

Antonio  Barone,  University  of  Naples,  Naples,  Italy 

Timir  Datta,  University  of  South  Carolina,  Columbia,  South  Carolina 

Guy  Deutscher,  University  of  Tel  Aviv,  Ramat-Aviv,  Israel 

Donald  M.  Ginsberg,  University  of  Illinois,  Urbana,  Illinois 

Vitaly  L.  Ginzburg,  PN  Lebedev  Physics  Institute,  Moscow,  Russia 

Robert  A.  Hein,  Redmond,  Washington 

Wei  Yao  Liang,  University  of  Cambridge,  Cambridge,  England 

Warren  Pickett,  Naval  Researeh  Laboratory,  Washington,  D.C. 

Helmut  Piel,  Bergische  University,  Wuppertal,  Germany 

Ivan  K.  Schuller,  University  of  California  at  San  Diego,  La  Jolla,  California 

Kentaro  Setsune,  Matshushita  Electric  Industries,  Kyoto,  Japan 

Robert  Soulen,  Naval  Research  Laboratory,  Washington,  D.C. 


Journal  of  Superconductivity  is  published  bimonthly  at  71  Winterstoke  Road,  Bristol  BS3  2NT,  England,  by  Plenum  Publishing 
Corporation,  233  Spring  Street,  New  York,  N.Y.  10013.  In  1995,  Volume  8  (6  issues)  will  be  published.  Journal  of  Superconduc¬ 
tivity  is  abstracted  or  indexed  in  Automatic  Subject  Citation  Alert,  Cambridge  Scientific  Abstracts,  Chemical  Abstracts, 
Current  Contents,  High  Temperature  Superconductors,  Metals  Abstracts,  Science  Citation  Index,  Scisearch,  and  World 
Aluminum  Abstracts.  ©  1995  Plenum  Publishing  Corporation.  Journal  of  Superconductivity  participates  in  the  Copyright 
Clearance  Center  (CCC)  Transactional  Reporting  Service.  The  appearance  of  a  code  line  at  the  bottom  of  the  first  page  of 
an  article  in  this  journal  indicates  the  copyright  owner’s  consent  that  copies  of  the  article  may  be  made  for  personal  or  internal 
use.  However,  this  consent  is  given  on  the  condition  that  the  copier  pay  the  flat  fee  of  $7.50  per  copy  per  article  (no  additional 
per-page  fees)  directly  to  the  Copyright  Clearance  Center,  Inc.,  222  Rosewood  Drive,  Danvers,  Massachusetts  01923,  for  all 
copying  not  explicitly  permitted  by  Sections  107  or  108  of  the  U.S.  Copyright  Law,  The  CCC  is  a  nonprofit  clearinghouse 
for  the  payment  of  photocopying  fees  by  libraries  and  other  users  registered  with  CCC,  Therefore,  this  consent  does  not 
extend  to  other  kinds  of  copying,  such  as  copying  for  general  distribution,  for  advertising  or  promotional  purposes,  for  creating 
new  collective  works,  or  for  resale,  nor  to  the  reprinting  of  figures,  tables,  and  text  excerpts.  0896-1107/95  $7.50 

Advertising  inquiries  should  be  addressed  to  Advertising  Sales,  Plenum  Publishing  Corporation,  233  Spring  Street,  New  York, 
N.Y.  10013^telephone  (212)  620-8495  and  fax  (212)  647-1898. 

Subscription  inquiries  and  subscription  orders  should  be  addressed  to  the  publisher  at  Subscription  Department,  Plenum 
Publishing  Corporation,  233  Spring  Street,  New  York,  N.Y.  10013  or  faxed  to  the  Subscription  Department  at  its  number 
(212)  807-1047,  or  may  be  telephoned  to  the  Subscription  Department’s  Journal  Customer  Service  at  (212)  620-8468,  -8470, 
-8472,  or  -8082.  Subscription  rates; 

Volume  8,  1995  (6  issues)  $295.00  (outside  the  U.S.,  $345.00). 

Second-class  postage  paid  at  Jamaica,  N.Y.  1 1431 .  Postmaster:  Send  address  changes  to  Journal  of  Superconductivity,  Plenum 
Publishing  Corporation,  233  Spring  Street,  New  York,  N.Y.  10013.  Air  freight  and  mailing  in  the  USA  by  Publications 
Expediting,  Inc.,  200  Meacham  Avenue,  Elmont,  N.Y.  1 1003. 


Printed  in  Great  Britain. 


JOURNAL  OF  SUPERCONDUCTIVITY 


Volume  8,  Number  4 


August  1995 


Special  Issue:  University  of  Miami  Workshop  on 
High-Temperature  Superconductivity,  Part  I  of  n 

CONTENTS 


5-Influence  on  the  Pressure-Effect  on  Tc  of  HgBa2Cu04+a  and  the  Inverse  Parabolic  Tc-Relation  393 

C.  W.  Chu,  Y.  Cao,  Q.  Xiong,  and  Y.  Y.  Xue 

Antiparamagnon  in  d-Wave  Superconductors  397 

Hyekyung  Won  and  Kazumi  Maki 

D-Wave  Superconductivity  in  the  Nearly  Antiferromagnetic  Fermi  Liquid  401 

J.  P.  Carbotte,  D.  Branch,  and  C.  &  Donovan 

Existence  of  Both  s  and  rf-Wave  Solutions  of  Eliashberg  Equations  405 

G.Santi,  T.  Jarlborg,  M.  Peter,  and  M.  Weger 

Exchange-Correlation  Effects  on  the  Superconductivity  of  a  Layered  Two-Dimensional  System  409 

Y.  M.  Malozovsky  and  S.  M.  Bose 

Intrinsic  Paramagnetic  Centers  in  1-2-3  Superconductors  413 

M.  A.  Teplov,  O.  N.  Bakharev,  H.  B.  Brom,  A.  V.  Dooglav,  A.  V.  Egorov,  E.  V.  Krjukov,  O.  B.  Marvin, 

I.  R.  Mukhamedshin,  V.  V.  Naletov,  A.  G.  Volodin,  D.  Wagener,  and  J.  Witteveen 

Electronic  Raman  Scattering  in  YBa2Cu408  417 

S.  Donovan,  J.  Kircher,  J.  Karpinski,  E.  Kaldis,  and  M.  Cardona 

Electronic  Raman  Scattering  as  a  Probe  of  Anisotropic  Electron  Pairing  421 

T.  P.  Devereaux 

New  Class  of  Intermetallic  Borocarbide  Superconductors:  Electron-Phonon  Coupling  and  Physical  Parameters  425 

Warren  E.  Pickett  and  David  J.  Singh 

Electron-Phonon  Locking  and  Superconductivity  429 

Yasutami  Takada 

Electron-Phonon  Interaction  and  Its  Manifestation  in  High-Temperature  Superconductors  433 

E.  G.  Maksimov 

Gap  States  in  HTSC  by  Infrared  Spectroscopy  437 

T.  Timusk,  D.  N.  Basov,  C.  C.  Homes,  A.  V.  Puchkov,  and  M.  Reedyk 

Energy  Spectrum  in  the  High  Tc  Oxides  441 

V.  Z.  Kresin,  S.  A.  Wolf,  S.  D.  Adrian,  M.  E.  Reeves,  and  Yu.  N.  Ovchinnikov 

Heat  Conduction  in  Bai-xK;,Bi03  445 

Ctirad  Uher,  Frank  Tsui,  Baoxing  Chen,  and  P.  D.  Han 

The  Field  Dependence  of  the  Thermal  Conductivity:  Evidence  for  Nodes  in  the  Gap  449 

M.  B.  Salomon,  Fang  Yu,  and  V.  N.  Kopylov 

Thermal  Conductivity  of  Zn,  Pr,  and  Tb  Doped  YBCO  Single  Crystals:  Theory  and  Experiment  453 

P.  F.  Henning,  G.  Cao,  J.  E.  Crow,  W.  O.  Putikka,  and  P.  J.  Hirschfeld 

Anomalous  Phonon  Damping  in  Insulating  Cuprates  457 

Joshua  L.  Cohn 

Magnetic-Field-Induced  Non-Linear  Effects  of  Josephson  Coupled  Superconductor  Bi2Sr2CaCu208  +  s  461 

Kazuo  Kadowaki,  Takashi  Mochiku,  Hiroyuki  Takeya,  and  Kazuto  Hirata 

The  Penetration  Depth  of  HgBa2Cu04+5  with  0.07<5<0.35  465 

Y.  Y.  Xue,  Q.  Xiong,  Y.  Cao,  and  C.  W.  Chu 

STM  Tunneling  Spectroscopy  on  High  T^  Superconductors  467 

T.  Hasegawa,  M.  Nantoh,  M.  Ogino,  H.  Sugawara,  M.  Kawasaki,  H.  Koinuma,  and  K.  Kitazawa 


CONTENTS,  Vol.  8,  No.  4,  1995  (Continued) 


Superconductivity  and  Stoichiometry  in  the  BSCCO-Family  Materials  471 

Marshall  Onellion 

Shadow  Bands  in  Models  of  Correlated  Electrons  475 

Adriana  Moreo,  Stephan  Haas,  and  Elbio  Dagotto 

Electronic  Properties  of  Cu02  Planes  479 

Daniel  C.  Mattis 

A  Simple  Theory  for  the  Cuprates :  The  Antiferromagnetic  van  Hove  Seenario  483 

E.  Dagotto,  A.  Nazarenko,  A.  Moreo,  S.  Haas,  and  M.  Boninsegni 

Symmetry  Tests  Using  the  Half-Integer  Flux  Quantum  Effect  in  Cuprate  Superconducting  Rings  487 

J.  R.  Kirtley,  C.  C.  Tsuei,  J.  Z.  Sun,  C.  C.  Chi,  Lock  See  Yu-Jahnes,  A.  Gupta,  M.  Rupp,  and  M.  B.  Ketchen 

Experimental  Determination  of  the  Symmetry  of  the  Order  Parameter  in  YBCO  491 

A.  Mathai,  Y.  Gim,  R.  C.  Black,  A.  Amar,  and  F.  C.  Wellslood 

Raman  Scattering  Investigation  of  the  Superconducting  Gap  Anisotropy  in  La2-xSrxCu04  495 

J.  C.  Irwin,  X.  K.  Chen,  H.  J.  Trodahl,  T.  Kimura,  and  K.  Kishio 

What  Does  Intrinsic  Josephson  Coupling  Say  About  the  Pairing  Symmetry  in  the  Cuprates?  499 

R.  J.  Radtke,  C.  N.  Lau,  and  K.  Levin 

A  Scenario  to  the  Anomalous  Hall  Effect  in  the  Mixed  State  of  Superconductors  503 

Ping  Ao 

Cation  and  Anion  Disorder  in  HgBa2Can-iCUn02n+2+«  507 

Massimo  Marezio,  Edgar  T.  Alexandre,  Pierre  Bordet,  Jean-Jacques  Capponi,  Catherine  Chaillout,  Evgueni  M. 

Kopnin,  Sergio  M.  Loureiro,  Paolo  G.  Radaelli,  and  Gustaaf  Van  Tendeloo 

Superconductivity  Above  100  K  in  Compounds  Containing  Hg  511 

M.  S.  Osofsky,  W.  L.  Lechter,  L.  E.  Toth,  E.  F.  Skelton,  A.  R.  Drews,  C.  C.  Kim,  B.  Das,  S.  B.  Qadri, 

A.  W.  Webb,  and  R.  J.  Soulen,  Jr. 

Single  Crystals  of  Hg-12(n-  l)n  and  Infinite  Layer-CaCu02  Obtained  at  Gas  Pressure  P=  10  kbar  515 

J.  Karpinski,  K.  Conder,  H.  Schwer,  J.  Lohle,  L.  Lesne,  C.  Rossel,  A.  Morawski,  A.  Paszewin,  and  T.  Lada 

Formation  and  Properties  of  Artificially-Layered  SrCu02/BaCu02  Superconducting  Superlattices  519 

D.  P.  Norton,  B.  C.  Chakoumakos,  J.  D.  Budai,  J.  R.  Thompson,  and  D.  H.  Lowndes 

Large  Bipolarons  and  Superconductivity  523 

David  Emin 

Local  Polarizability,  Structure,  and  Charge-Transfer  in  High-Tc  Superconductors  527 

A.  R.  Bishop,  J.  T.  Gammel,  and  M.  1.  Salkola 

Carrier  Relaxation  Through  Localized  States  in  Metallic  and  Insulating  YBa2Cu307-.a  531 

D.  Mihailovic,  T.  Mertelj,  1.  Poberaj,  J.  Demsar,  and  C.  Chen 


University  of  Miami  Workshop 
on  High-Temperature  Superconductivity: 

Physical  Properties  and  Mechanisms 

Coral  Gables,  FL 
January  5-11, 1995 


Edited  By: 

J.  Ashkenazi,  S.  E.  Barnes,  J.  L.  Cohn,  F.  Zuo 
University  of  Miami 
Coral  Gables,  FL 

Sponsored  by: 

Office  of  Naval  Research  (Grant  No.  N00014-95-1-0273), 
University  of  Miami 


Vf 

RIt?  flit*  / 

tg^ ' 

Journal  of  Superconductivity,  Vol.  8,  No.  4,  1995 


5-Influence  on  the  Pressure-Effect  on  Tc  of 
HgBa2Cu04+5  and  the  Inverse  Parabolic  Tc-Relation 

C.  W.  Chu,l  Y.  Cao,l  Q.  Xiong, l  and  Y.  Y.  Xuel 

Received  5  January  1995 

We  have  observed  a  8-independent  linear  pressure  effect  on  Tp  of  HgBa2Cu04+5  under 

hydrostatic  pressures  up  to  1.7  GPa  for  8  <  0.30  but  a  nonlinear  effect  for  8  >  0.30.  These 
results,  together  with  previous  doping  data,  show  a  possible  non-rigidity  of  the  electron  bands 
of  the  compounds,  based  on  which  previous  phenomenological  models  of  the  pressure  effect  on 
Tg  are  built,  and  thus  suggest  only  a  restricted  universality  for  the  inverse  parabolic  relation 
between  Tc  and  charge  carriers  per  Cu02-layer.  In  other  words,  factors  in  addition  to  charge 
carriers  can  affect  high  temperature  superconductivity. 

KEY  WORDS:  high  temperature  superconductivity,  pressure  effect 


1.  INTRODUCTION 

Immediately  after  the  discovery  of  high 
temperature  superconductivity  (HTSy),  extensive 
efforts  were  devoted  to  the  search  for  systematic  trends 
of  the  evolution  of  HTSy  with  various  physical 
parameters.  These  trends  form  a  useful  basis  for  the 
development  of  a  comprehensive  microscopic  theory  of 
HTSy  and  for  the  continued  quest  for  high  temperature 
superconductors  (HTSr's)  with  a  higher  transition 
temperature  (Tc).  One  of  the  trends  observed  in  the 
layered  cuprates  is  the  universal  relationship  between 
Tc  and  the  number  of  charge  carriers  per  Cu02-layer 
(n).  It  is  known  as  the  inverse  parabolic  universal 
relation  [1]  Tc(n)  =  Tc“^[l-a(n-nop)^],  where  Tc*^^ 
is  the  maximum  Tc  of  the  cuprate  with  an  optimal  n 
(nop).  In  other  words,  HTSy  occurs  only  over  a 
limited  doping  region  for  (nop  -  1/Va)  <  n  <  (nop  + 
1/Va).  Compounds  with  n  <  nop  are  known  as 
underdoped,  n  >  nop  as  overdoped  and  n  =  nop  as 
optimally  doped.  The  Tc(n)  above  with  constants  a  = 
82.6  and  nop  =  0.16  describes  a  wide  variety  of  high 
temperature  superconducting  (HTSg)  compounds 
systems  examined  [1]  and  therefore  has  been  considered 
universal  [1]. 

High  pressure  has  been  employed  extensively  [2] 
to  obtain  information  about  the  occurrence  of  HTSy 
and  to  provide  tests  and  to  impose  constraints  on  the 


1.  Department  of  Physics  and  Texas  Center  for  Superconductivity 
at  the  University  of  Houston,  Houston,  Texas  77204-5932 


universal  Tc-relations  and  HTSy  models.  Most  of  the 
experiments  were  made  on  optimally  doped  compounds 
with  a  small  but  non-negligible  pressure  effect  on  their 
Tc  (dTc/dP).  Only  a  few  were  done  on  non-optimally 
doped  samples.  The  results  can  be  described  by  the 
phenomenological  model  on  Tc(P)  based  on  the 

combined  pressure  effects  on  n  [3]  and  Tc™^^  [4], 
which  give  rise  to  an  ever-decreasing  dTc/dP  with 
increasing  n  due  to  the  former  effect  superimposed  on  a 
constant  dTc°^^^/dP,  consistent  with  the  inverse 
parabolic  universal  relation  Tc(n)  [1],  Unfortunately, 
the  large  ultrahigh  pressure-induced  Tc-enhancement 
detected  [5]  in  HgBa2Cani-lCum02m-i-2-i-5 
[Hg-12(m-l)m]  is  too  large  to  be  accounted  for  by  the 
phenomenological  model  on  Tc(P)  [3,4]. 

Recently,  a  large  Tc-variation  was  achieved  [6]  in 
the  newly  discovered  HgBa2Cu04+5  (Hg-1201)  by 
anion-doping  only  without  introducing  possible 
chemical  complications  [7]  by  the  combined  cation- 
and  anion-dopings  adopted  usually  to  acquire  the 
similarly  large  Tc-change  in  other  HTSg-system.  The 
Tc  of  Hg-1201  varies  with  5  as  Tc(5)  = 
97[l-26(5-0.22)^]  throughout  the  doping  range  of  0.03 

<  8  <  0.4  examined.  In  contrast  to  the  expected 
similar  parabolic  relation  of  Tc(n)  over  the  same  8- 
range  due  to  the  usual  linear  dependence  of  n  on  8,  such 
a  behavior  was  observed  [6]  only  over  a  limited  range 
of  8  <  0.3,  i.e.  Tc(n)  =  97[l-50(n-0.16)2],  for  0.02  <  n 

<  0.23  only.  The  deviation  of  Tc(n)  from  the  parabolic 
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dependence  has  been  attributed  to  the  possible  new 
oxygen  site  being  filled  at  high  5.  It  should  be  noted 
that  n  here  was  determined  from  the  thermoelectric 
power  measurements  as  was  previously  done  [1]. 
Although  the  nop  =  0.16  for  Hg-1201  is  the  same  as 
for  other  HTSg  compound  systems,  superconductivity 
takes  place  at  a  lower  n  ~  0.02  in  Hg-1201  than  that  of 
~  0.05  according  to  the  universal  inverse  parabolic 
Tc(n)-relation. 

We  have  therefore  tested  the  universal  Tc(n) 
proposed  by  investigating  the  8-dependence  of  the 
hydrostatic  pressure  effect  on  Tc  of  Hg-1201  with  0.07 
<  8  <  0.39  up  to  1.7  GPa.  We  find  a  constant  linear 
pressure  effect  on  Tc  for  8  <  0.30  and  a  nonlinear  effect 
for  8  >  0.30.  The  results  raise  questions  concerning 
the  universality  of  the  inverse  parabolic  Tc(n)-relation 
[1]  and  the  phenomenological  Tc(P)-models  [3,4].  The 
results  suggest  that  the  dopant  affects  Tc  through 
channels  in  addition  to  varying  n,  and  that  the  electron- 
bands  of  HTSr's  may  be  less  rigid  than  previously 
thought.  Some  of  the  results  to  be  discussed  have  been 
recently  submitted  for  publication  elsewhere  [8]. 

2.  EXPERIMENTAL 

The  Hg-1201  samples  investigated  here  were 
prepared  by  the  controlled  solid-vapor  reaction 
tectaique  [9].  The  excess  oxygen  content  8  was  varied 
by  annealing  the  Hg-1201  compound  at  a  temperature 
between  240°  and  500°  C  in  an  oxygen  aunosphere  of 
pressure  ranging  from  10'*  to  500  bar.  Detailed 
sample  synthesis  steps  to  achieve  various  dopings  have 
been  published  previously  [6]. 

The  structure  and  phase  purity  were  characterized 
by  powder  X-ray  diffraction,  employing  a  Rigaku  D- 
MAX/BIII  diffractometer.  The  Tc  at  ambient  was 
determined  both  resistively  by  the  four-lead  method 
using  a  Linear  Research  LR-400  bridge,  and 
magnetically  using  a  Quantum  Design  SQUID 
magnetometer.  Under  pressure,  the  Tc  was  measured 
mostly  resistively  and  for  a  few  by  the  ac  susceptibility 
technique.  The  hydrostatic  pressure  environment  was 
generated  by  the  modified  Be-Cu  clamp  technique  [10] 
inside  a  Teflon  cup  using  the  3M  fluorinert  as  the 
pressure  medium.  The  pressure  was  measured  with  a 
superconducting  Pb-manometer  situated  next  to  the 
sample  inside  the  Teflon  cell  and  the  temperature  by  a 
chromel-alumel  thermocouple  above  30  K  or  a  Ge- 
thermometer  below  30  K. 


3.  RESULTS  AND  DISCUSSION 

All  Hg-1201  samples  investigated  are  single¬ 
phase  within  the  resolution  of  ~  4%  of  our  X-ray 
diffraction.  The  superconducting  transition  is  narrow 
for  the  optimally  doped  sample  with  a  width  of  ~  1  K° 
and  is  broadened  with  a  width  of  ~  10  K°  for  the 
heavily  underdoped  sample,  or  ~  5  K°  for  the  heavily 
overdoped  sample.  The  midpoint  transition 
temperature  (Tc),  where  the  resistivity  drops  by  50% 
during  the  transition,  is  shown  as  a  function  of  8  in 
Fig.  1.  The  value  of  8  is  determined  according  to  the 
Tc(8)-curve  previously  obtained  [6],  once  the  Tc  is 
measured. 
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Fig.  1.  T(;(6)  for  the  Hg-1201  examined. 

Under  pressure,  the  superconducting  transition 
width  increases  slightly  for  the  sample  with  8  =  8o  = 
0.22  but  remains  constant  for  those  with  b  ^  0.22. 
The  onset,  midpoint,  and  the  offset  temperatures  of  a 
sample  respond  to  pressure  in  a  similar  general  fashion. 
Therefore,  we  shall  consider  below  only  the  pressure 
effect  on  the  midpoint  transition  temperature  Tc  of  the 
samples  with  different  8's.  The  results  are  summarized 
in  Fig.  2a  for  the  underdoped  (Nos.  1-3)  and  the 
optimally  doped  (No.  4)  samples,  and  in  Fig.  2b  for 
the  overdoped  ones  (Nos.  5-11).  The  numbers  in  these 
figures  stand  for  the  sequential  order  of  increasing  8  in 
the  samples.  They  are,  respectively,  0.07,  0.12,  0.19, 
0.22,  0.27,  0.30,  0.31,  0.34,  0.36,  0.37,  and  0.39.  It 
is  evident  that  pressure  enhances  Tc  linearly  for 
samples  with  8  <  0.30  and  that  it  affects  Tc 
nonlinearly  for  those  with  8  >  0.30.  The  data  can  be 
fitted  as  Tc(P)  =  Tc(0)  -t-  aP  -(-  pp2  and  the  linear 
pressure  terms  a  and  tlie  quadratic  pressure  term  P  can 
be  obtained.  They  are  displayed  in  Figs.  3a  and  3b  for 
different  8's.  a  is  a  constant  of  2.0±0.2  K/GPa  for  8  < 
0.27,  decreases  rapidly  to  0  near  8  =  0.30  and  turns 


8-Influence  on  the  Pressure-Effect  on  Tc  of  Hg-1201 


395 


0.0  0,5  '.C  1.5 


P  (GPa) 


Fig.  2.  T(;(P)  for  Hg-1201:  (a)  underdoped  (Nos.  1-3)  and 
optimally  doped  (No.  4);  and  (b)  overdoped  (Nos.  5-11). 

back  to  l.(H:0.2  K/GPa  at  8  ~  0.33  before  it  falls  off 
again  for  8  >  0.33.  P  is  almost  0+0.02  K/GPa^  for  8 
<  0.30,  starts  to  drop  rapidly  near  8  ~  0.30  and 
decreases  to  0  at  -1.7±0.5  K/GPa^  at  8  =  0.33  before  it 
rises  again.  Clearly,  both  a  and  p  exhibit  a  drastic 
change  near  8  -0.3. 

According  to  a  general  inverse  quadratic  relation 
Tc(n)  =  Tc“^[l-a(n-nop)^],  one  obtains 

dTc/dP  =  [l-a(n-nop)2](dTcinax/(ip) . 
T^max(n.nop)2(da/dP). 
2aTc™^(n-nop)(dn/dP)  + 
2aTcmax(n-nop)(dnop/dP)  (1) 


(a) 


(b) 


where  (dTc*"^^/dP)  represents  the  change  in 
(da/dP)  the  change  in  the  range  for  HTSy  to  occur, 
(dn/dP)  the  charge  transfer,  and  (dnop/dP)  the  change  in 
nop,  all  induced  by  pressure.  By  retaining  only  the 
(dn/dP)-term  on  the  basis  of  a  rigid  band  model,  one 
obtains  the  familiar  phenomenological  model  [3],  i.e. 
dTc/dP  =  -2aTc“^(n-nop)(dn/dP).  It  predicts  a  linearly 
n-dependent  dTc/dP  which  is  positive  for  samples  in 
the  underdoped  region,  negative  in  the  overdoped 
region,  and  zero  for  the  optimally  doped  sample.  The 
observed  non-zero  dTc/dP  for  the  optimally  doped 
sample  prompted  the  addition  of  a  constant 
(dTc®^^^/dP)  term,  which  corresponds  to  the  n- 
independent  part  of  the  (dTc™^^/dP)-term  in  Eq.  (1),  to 
the  charge-transfer  term  and  led  to  the  modified 
phenomenological  model  [4],  i.e.  dTc/dP  =  dTc®^^/dP 
-  2aTc™^’‘(n-nop)(dn/dP).  This  models  accounts  for 


Fig.  3.  The  6-effect  on  T£.(P)  =  Tg(0)  +  aP  +  PP^:  (a)  the  linear 
pressure  dependent  term  and  (b)  the  quadratic  pressure  dependent 
term. 

the  non-zero  dTc/dP  for  the  optimally  doped  HTSr's  and 
the  linearly  n-dependent  dTc/dP  in  the  original 
phenomenological  model,  as  shown  schematically  in 
Fig.  4.  Unfortunately,  the  model  in  either  form  cannot 
account  for  the  8  (or  n)  dependence  of  dTc/dP  of  Hg- 
1201,  nor  can  it  explain  the  large  pressure  induced  Tc- 
enhancement  observed  in  Hg-12(m-l)m  under  very  high 
pressure  [5]. 

From  Fq.  (1),  we  find  the  n-effect  on  dTc/dP  as 

a(dTc/dP)/an  = 

2(n-nop)[-a(dTc"'ax/dP) .  Tc“^da/dP)]  - 

2aTcJ"ax[(dn/dP)  -  (diiop/dP)]  (2) 
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Fig.  5.  The  schematic  n-dependence  of  dT^/dP  by  the  previous 
phenomenological  models  [3,4]  based  on  the  rigid  inverse  parabolic 
T£.(n)  relation  [1]  shown. 

For  Hg-1201,  with  8  <  0.30,  we  observed  3(dTc/dP)/3n 
=  0.  Therefore  (dn/dP)  =  (dnop/dP)  at  n  =  nop.  This 
shows  that  nop  also  shifts  with  pressure  if  the  pressure 
induces  a  charge-transfer,  giving  rise  to  a  non-zero 
dTc/dP  for  an  optimally  doped  HTSr.  The  pressure 
induced  shifts  in  nop  and  a  imply  that  the  electron 
bands  of  Hg-1201  and  other  members  of  the 
homologous  series  Hg-12(m-l)m  (based  on  new  data  to 
be  published  [11])  are  not  rigid  under  pressures.  The 
inverse  parabolic  relation  itself  may  thus  be  valid  only 
under  a  set  of  more  restrictive  conditions  than 
originally  envisioned. 

The  sudden  change  in  a  and  P  for  samples  with  5 
-  0.30  (or  n  ~  0.22)  under  pressure  below  1.7  GPa 
coincides  with  the  onset  of  deviation  of  Tc(n)  from  the 
inverse  parabolic-behavior.  The  deviation  has  been 
ascribed  to  the  occupation  of  extra  0-sites  in  addition 


to  the  usual  0(3)-sites  for  the  heavily  doped  samples 
[6].  Our  recent  oxygen  effusion  spectrum  experiment 
[12]  on  heavily  doped  Hg-1201  and  thermopower 
measurements  [13]  on  an  irradiation  HTSr  provide 
supporting  evidence  for  the  proposition.  Hence,  the 
observation  suggests  that  the  so-called  charge-reservoir 
layers  (which  include  HgOs  in  the  present  case)  in 
HTSr  may  play  roles  additional  to  providing  carriers. 
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We  have  shown  recently  two  dimensional  t-J  model  gives  an  excellent  description  of  dynamical 
spin  fluctuation  as  seen  by  inelastic  neutron  scattering  from  Laj  14CUO4  by  Mason  et  al  and 
from  YBa2Cu3064j  by  Rossat-Mignod  et  al.  In  this  comparison  d-wave  superconductor  is  indis¬ 
pensable.  Further  the  strong  spin  fluctuation  (i.e.  antiparamagnon)  gives  rise  to  almost  T-linear  resis¬ 
tance  and  large  almost  T-independent  thermoelectric  power  as  observed  in  high.Tg  cuprates. 

KEY  WORDS:  Antiparamagnon,  d-wave  superconductor,  inelastic  neutron  scattering 


1.  Introduction 

Nov/  an  overwhelming  number  of  experiments  [1-6] 
appear  to  support  the  notion  of  d-wave  superconductor  in 
high  Tf.  cuprates.  Here  we  shall  first  review  our  theory  on 
spin  fluctuation  within  two  dimensional  t-J  model  [7], 
We  obtain  the  dynamical  spin  correlation  function  within 
RPA,  which  describes  semi-quantitatively  in  terms  of  d- 
wave  superconductor  recent  inelastic  neutron  scattering 
data  both  from  Laj  g6Sro.i4Cu04  (LSCO)  by  Mason  et  al 

[8]  and  YBa2Cu306+x  (YBCO)  by  Rossat-Mignod  et  al 

[9] .  More  specifically  a)  for  small  chemical  potential  p. 
(Ipl<1.91  T),  the  antiparamagnon  spectrum  has  a  single 
peak  at  (n,  n)  (i.e.  commensurate)  while  for  larger  chem¬ 
ical  potential  Ipl  it  becomes  incommensurate  with  four 
separate  peaks  at  (rdipo,  n)  and  (n,  n  ±  qj.  b)  It  is  well 
known  that  the  antiparamagnon  in  YBCO  is  commensu¬ 
rate  while  in  LSCO  it  is  incommensurate.  So  we  may 
map  both  YBCO  and  LSCO  to  the  t-J  model  with  -  p  S 
200Ar  and  -p  s  435.5i^  respectively  [7].  c)  In  the  com¬ 
mensurate  region  /mx(0,  co)  develops  a  spin  gap  Eg=2lpl 
at  low  temperature,  where  ^  in  %(^,  to)  is  measured 
from  Q  =  (n,  n)  .  d)  In  the  incommensurate  region 
Imx  (^,  00)  has  the  gapless  region,  which  includes  the 
edge  of  square  formed  by  connecting  four  incommensu¬ 
rate  peaks  (±9o*  0)  and  (0,  ±^^).  Therefore  our  theory 
not  only  gives  natural  interpretation  of  the  spin  gap 
observed  in  YBCO,  but  also  describes  large  spin  scatter¬ 
ing  seen  in  LSCO  at  r=4/f.  On  the  contrary  s-wave 
superconductor  gives  spin  gap  Eg  larger  than  2A(0)  irre¬ 
spectively  whether  the  antiparamagnon  is  commensurate 
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or  incommensurate  resulting  in  too  large  energy  gap  in 
YBCO  and  no  spin  scattering  in  LSCO  at  low  tempera¬ 
tures. 

2.  Dynamic  Spin  Susceptibility 

Following  Tanomoto  et  al  [10]  let  us  consider  the  r-J 
model.  However  unlike  [10],  we  assume  that  the  non¬ 
double  occupancy  condition  simply  renormalizes  t  the 
transfer  integral.  Then  the  dynamical  spin  susceptibility 
is  given  by 

X(9.co)  =Xo(^,  co)[l +/(S  +  <?)Xo(9.  <a)  j  (1) 

where 

•/(2  +  9)  =/(cos  {n  +  q  )  +  cos  in  +  q)) 

y  (2) 

=  -J{cosq^  +  COSO  ) 
and  Xp  (^j  m)  is  obtained  as  [7] 


X„(<7,CD)  =2N^[A^-F{q,(D)] 

mt\) 


(3) 


In- 


nT 


for  7'>7’_ 


i  4|t|  .  /'fi  'i 


and 


1  2 

q  --(fl 

F  =  \  /(q,  (o))/{J) 


(5) 


and^q,  ©)  is  the  generalized  superfluid  density  [11]  and 
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<••••>  means  average  over  and 

r\  =  2r^  sin(^ J  ±  sin^  j  sin  (2(|))  -  n 
/  =  cos (2^) 

and  j 

and  T|  is  the  parameter  describing  the  degree  of  imperfect 
nesting  and  +sign  in  Eq  (6)  has  to  be  taken  in  the  first 
and  third  quadrant  while  -sign  in  the  second  and  forth  in 
the  kj-ity  plane.  Here  /  in  Eq  (7)  is  the  Jacobian,  which 
was  put  to  unity  in  [7].  Though  the  Jacobian  is  not  so 
important  in  t-J  model,  it  will  play  more  important  role 
in  t-f-J  model.  In  the  following  analysis  we  take  the 
renormalized  value  of  r  as  /=50  meV  consistent  with  spe¬ 
cific  heat  data  [11].  In  the  normal  state  T  S  T,.,  Eq  (5)  is 
further  simplified  as 


and  v(z)  is  the  di-gamma  function. 

Then  making  use  of  Eq  (1)  co)  is  readily 

constructed.  We  show  in  Fig.  1  Imv  (^,  co)  at  T=33K  for 
two  q  scans  [Qg  scan,  ^  =  iq  +  ^ 9  -5  ^o)  and  Qy 
scan,  ij  (^,  q)  ].  Here  we  took  p  =  -  435.5^  which  pro¬ 
duces  four  peaks  in /mx(?,  co)  at±iq^,o)  snd  o,±q^ 
with  q^  =  0.245ti  appropriate  for  Laj  g6Sro.i4Cu04. 
Indeed  the  present  Imx  (q,  00)  reproduces  cjuite  well 
inelastic  neutron  scattering  data  by  Mason  et  al  [8].  Also 
it  is  readily  shown  that  xiq.o)  has  a  single  peak  (i.e 
commensurate)  when  lpl<1.91  T  while  has  four  separate 
peaks  (incommensurate)  when  ipl<1.91  T.  This  behavior 
of  paramagnon  provides  us  a  nice  scenario  for  the  phase 
diagram  for  YBCO  [12]  that  the  peak  in  ^t 
YBa2Cu306  94  corresponds  to  the  crossover  point  when 
paramagnon  changes  firom  commensurate  to  incommen¬ 
surate.  Unfortunately,  however,  we  discover  that  the 


Fig.  1.  Ulrnx  {t),  <o)  for  two  q  scans  at  T=T^=33K)  and  for  a)=6me  V 
(-),  3.5meV  (•— ),  and  ( — ).  a)  scan  and  b)  scan 

crossover  point  shift  to  lpl=1.55  T  when  we  study 
Jf”  X($>®)  instead  of  %(^,  o)  [13].  Therefore  this 
may  be  the  first  indication  that  t-J  mcxJel  is  not  adequate 
for  YBCO. 

At  T=OK,  on  the  other  hand,  Eq  (5)  reduces  to 


F(.^.  co)  =</ 


2  1  2 
^  -4“ 

.2,. 2  2 

A  i/1  +r\  -^co 


r  2  1  2' 
q  --00 


X  arcshi 
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Fig.  X  Ulmx  (4i  tbi'  ?  scans  at  T^K  and  for  the  same  set  of 
m  aa  in  Fig.  1.  a)  Qf,  scan  and  b)  g^scan. 


[13].  In  Fig.  3  we  show  Im  x(o,  oa)  at  T=0K  for  t-J  model 
with  -|A=2meV  and  14meV^  corresponding  YBa2Cu30g+3t 
with  x=0.51  (with  T^=AnK)  and  x=0.92  (with  T^=9\K) 
respectively. 

It  is  of  interest  to  see  that  the  shape  of  Fermi  surface 
reflects  in  Im  x(o,  co)  at  T=0K.  The  Jacobian  somewhat 
sharpen  the  peak  in  the  underdoped  region.  Also  from 
the  relation  Eg=2lp]  we  obtain  an  empirical  formula 
(1  =  345  (x  -  0.45)  K  for  YBCO  [12], 


©  ( meV ) 

Fig.  3.  2/m  x(o,  tn)  of  YBa2Cu305^,  at  r=CIAr  as  function  of  ti)  for 
x»0.51  (— )  and  0.92  (-). 

3.  Conclusion 


with 


ImF  =  ^{J 


1  2  2 
4“ 


1  2  2  .2,, 2 

-Tl  -A  (/f 


0Q©^-t1^-aV))/<^  (11) 


Again  we  show  in  Fig.  2  Im  x  (^.  <o)  for  two  ^  scans  as 
in  Eq  (1).  The  presence  of  the  gapless  region  in  the  com¬ 
mensurate  antiparamagnon  on  the  edge  of  square  formed 
by  connecting  (±  q^,  o)  and  (o,  ±  q^)  is  consistent  again 
with  the  experimental  result  by  Mason  et  al  [8].  A  simi¬ 
lar  result  is  obtained  by  Tanomoto  et  al  [14]  within 
somewhat  different  approximation  scheme. 

In  the  commensurate  regime  (i.e.  Iiil<1.91  T^)  on  the 
other  hand,  Eq  (11)  predicts  an  energy  gap  Eg  =  2  Ipl  in 
the  antiparamagnon  spectrum.  Similar  energy  gap  is 
obtained  independently  in  t-i'-J  model  by  Lavagna  et  al 


We  have  seen  that  2D  t-J  model  treated  with  RPA 
describes  quite  well  inelastic  neutron  scattering  data 
from  a  monocrystal  of  Laj  g6Sro.i4Cu04  and  monocrys¬ 
tals  of  YBa2Cu305+^.  Even  in  the  normal  state  the  spec¬ 
tral  function  is  quite  different  from  the  one  commonly 
used  in  phenomenological  treatment  [16]  and  reflects  the 
shape  of  Fermi  surface  through  q.  We  have  shown  also 
the  antiparamagnon  gives  rise  to  the  nuclear  spin  lattice 
relaxation  rate  observed  both  in  commensurate  region 
and  incommensurate  region  quite  well  [12].  Further  the 
exchange  of  antiparamagnon  gives  rise  to  finite  renor¬ 
malization  of  quasi-particle  mass  with  Zs4  [17],  which  is 
consistent  with  earlier  theoretical  analysis  [18,  19]  (i.e. 
Fermi  liquid  behavior)  but  almost  T  linear  normal  resis¬ 
tivity  [17]  and  large  almost  T  independent  thermoelectric 
power.  In  Fig.  4  we  plotted  the  thermoelectric  power  Q 
p  function  of  r/l|i,l.  Except  the  low  temperature  region 
p,^/4r j  ,  (2  is  the  universal  function  of  T/lpI  within 
t-J  model.  Here  we  give  Q  in  the  region  of  incommensu¬ 
rate  antiparamagnon  and  the  result  appears  to  describe 
rather  well  the  fiiermoelectric  power  observed  in  LSCO 
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by  Uchida  et  al  [20].  In  the  region  of  commensurate 


T/n 


Fig.  4.  where  Q  is  the  thermoelectric  power  is  plotted  as  func¬ 

tion  of  Tl\l  for  incommensurate  region  (77)X  <  0.6S). 

antiparamagnon  like  YBCO  on  the  other  hand,  it  appears 
that  t-J  model  is  inadequate  to  describe  the  thermoelec¬ 
tric  power  observed  by  Cooper  et  al  [21].  We  may  now 
list  a  few  short-coming  of  t-J  model  when  applied  to 
YBCO.  a)  it  predicts  the  commensurate-incommensurate 
transition  around  x  =  0.85,  while  no  such  transition  is 
seen  in  inelastic  neutron  scattering,  b)  t-J  model  carmot 
give  a  pseudogap  seen  in  the  normal  state,  while  t-f-J 
model  does  [15].  c)  Q  in  the  commensurate  region  in  t-J 
model  is  quite  different  from  the  one  observed  in  YBCO 
[21].  On  the  other  hand  in  t-f-J  model  there  is  no  com¬ 
mensurate-incommensurate  transition  in  the  interesting 
parameter  region  of  fi  [10].  So  it  is  of  great  interest  to  see 
if  t-f-J  model  gives  Q  compatible  with  the  one  observed 
in  YBCO.  The  origin  of  T-linear  resistivity  may  be 
understood  in  analogy  to  the  Nesting  Fermi  liquid  theory 
of  Wrosztek  and  Ruvalds  [22].  Of  course  in  the  Nesting 
Fermi  liquid  theory  only  the  Bom  term  is  considered, 
while  paramagnon  exchange  corresponds  the  total  T 
matrix.  Nevertheless  the  analytical  stmcture  of  the  quasi¬ 
particle  lifetime  is  very  similar  to  the  antiparamagnon 
model  except  for  the  imperfect  nesting  parameter  q, 
which  plays  the  cmcial  role  in  our  analysis. 

Therefore  it  is  of  great  interest  to  study  the  supercon¬ 
ducting  order  paraineter  and  the  superconducting  transi¬ 
tion  temperature  within  antiparamagnon  exchange 
model. 


tering  data,  which  gave  the  initial  impetus  to  this  work. 
In  course  of  the  present  work  we  benefitted  from  discus¬ 
sions  and  correspondences  with  H.  Fukuyama,  M.  Lava- 
gna  and  F.  Ohkawa 
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Self  consistent  calculations,  based  on  the  2  dimensional  Hubbard  model,  indicate  that  the  nearly 
antiferromagnetic  Fermi  liquid  may  be  a  superconductor  with  d^2_y2  symmetry.  The  recent 
observation  of  a  large  anisotropy  of  the  in  plane  penetration  depth  has  been  widely  interpreted  as 
evidence  that  a  significant  part  of  the  condensate  in  YBa2Cu307.5  resides  in  the  chains.  This 
introduces  orthorhombic  symmetry.  Calculations,  which  remain  within  a  single  tight  binding  band 
model  but  with  different  nearest  neighbour  hopping  in  a-  and  b-directions,  can  account  for  the 
penetration  depth  anisotropy  and  also  explain  the  observed  size  of  the  D.C.  Josephson  current 
between  YBa2Cu307.{  and  Pb  in  c-axis  mnnelling. 
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There  exists  an  extensive  theoretical  literature 
on  the  possible  existence  of  a  gap  with  d^2.y2  symmetry 
for  the  superconductivity  of  the  2  dimensional  copper 
oxide  planes.  [1]  D-wave  superconductivity  is  also 
supported  by  many  recent  experiments.  They  are  too 
numerous  to  quote  here,  [2]  but  include  the  penetration 
depth  [3]  and  the  angular  resolved  photo  emission.  [4] 
These  experiments,  however,  are  not  sensitive  to  the 
sign  of  the  gap  but  only  to  the  zeros.  Perhaps  a  more 
direct  measurement  of  d^j.y^  symmetry,  sensitive  to  a 
change  in  sign  of  the  gap,  is  the  SQUID  experiment  of 
Wollman  et  al.  [5] 

The  approach  to  the  superconductivity  in  the 
copper  oxide  planes,  taken  by  Lenck,  Carbotte  and 
Dynes,  [6]  is  to  calculate,  from  first  principles  but  in  a 
definite  approximation,  the  spin  and  charge  susceptibility 
for  a  tight  binding  band  and  use  this  susceptibility  as  the 
kernels  in  the  self  energy  equations  for  the  electrons. 
While  a  simple  approximation  for  the  susceptibilities  is 
made,  the  calculations  are  carried  out  self  consistently. 
Once  the  value  of  on  site  Coulomb  repulsion  (U)  is 
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fixed,  the  only  remaining  parameter  in  the  theory  is  the 
nearest  neighbour  hopping  parameter  t  and  the  filling 
factor.  Within  this  two  parameter  model  (U  and  t)  for 
a  given  choice  of  filling  factor  n,  the  irreducible 
susceptibility  is  calculated  from  the  simple  product  of 
two  fully  dressed  Green’s  functions  and  U  is  introduced 
in  a  random  phase  approximation  to  describe  the  Stoner 
enhancement  of  the  irreducible  susceptibility.  The 
enhanced  susceptibility  then  determines  the  critical 
temperature  T^,  through  the  self  energy  equations.  The 
generalized  self  energy  equations  involve  three  coupled 
nonlinear  integral  equations  for  a  renormalization 
parameter,  for  the  energy  shift  and  for  the  pairing. 
They  are  solved  numerically  using  a  fast  Fourier 
transform  technique.  [6]  Similar  calculations  have  been 
reported  by  Chien-Hua  Pao  and  N.E.  Bickers  [7]  using 
instead  a  numerical  technique  inspired  by 
renormalization  group  ideas,  and  by  Monthoux  and 
Scalapino  [8]  using  a  different  approximation  for  the 
interaction  kernels  in  the  self  energy  equations. 

Lenck,  Carbotte  and  Dynes  [6]  have  found 
superconducting  solutions.  The  filling  was  fixed  at 
n=0.84.  For  a  value  of  the  Hubbard  U =4.28  in  units 
of  the  hopping  parameter  t,  they  obtained  a  value  of 
critical  temperature  of  T(,s0.016 1  which  exhibited  pure 
djj2_y2  symmetry  for  the  gap.  This  symmetry  comes  out 
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of  the  numerical  work  and  was  not  imposed  on  the 
system.  The  value  for  T^=0.016  t  compares  very 
favourably  with  the  value  found  by  C-H  Pao  and 
Bickers  [7]  using  different  numerical  methods  and  a 
slightly  different  form  for  the  potentials  in  the 
Eliashberg  equations.  Monthoux  and  Scalapino  [8]  who 
have  also  found  superconducting  solutions  in  the  model 
studied  here.  Of  course,  in  none  of  these  works,  is  the 
problem  solved  completely  since  some  approximation 
must  be  made  for  the  effective  potential  and  many  terms 
are  left  out  of  the  perturbation  series.  While  it  might  be 
hoped  that  the  self  consistency  imposed  on  the 
computations  might  reduce  the  effects  of  these 
omissions,  the  calculations  by  their  very  nature  remain 
approximate,  and  while  they  are  an  indication  for 
superconductivity,  the  do  not  prove  it. 

Our  results  for  the  self  consistent  susceptibility 
are  shown  in  Fig.  1  for  T =0.91  T^,.  What  is  plotted  is 
the  imaginary  part  of  the  susceptibility  divided  by 
frequency  co  in  the  limit  of  small  co.  Only  the  region  of 
k-space  near  (7r,ir)  is  shown.  Clear  incommensurate 
peaks  are  seen  which  are  of  about  the  observed  height  as 
compared  with  the  background  value  found  in 
experiments  on  Lai  ggSrg  14CUO4  Mason  et  al.  [9] 
Also,  the  absolute  value  of  [3^mxs/w]  at  the  peaks  is  of 
order  18x10"^  (meV)'^  in  units  of  where  /xg  is  the 
Borh  magneton.  This  is  almost  precisely  the  value 
observed  at  T^.  by  Mason  et  al.  [9,10]  As  the 
temperature  is  lowered  to  T  =  .6  T^,  however,  the  entire 
pattern  is  reduced  by  an  order  of  magnitude  and  the 
background  becomes  much  more  prominent  as  compared 
to  the  peak  heights.  This  is  in  contrast  to  experiment  in 
which  no  distortion  of  peak  height  with  respect  to 
background  is  observed  and  also  the  magnitude  of  the 
magnetic  response  in  going  from  35K  to  4.5K  is 
observed  to  drop  by  60%,  i.e.  by  a  factor  of  2.5  rather 
than  the  factor  of  10  calculated  in  reference  (6).  In 
considering  the  absolute  size  of  the  susceptibility  at  Tj,, 
we  note  that  the  corresponding  Stoner  enhancement 
factor  in  the  incommensurate  peaks  is  very  large, 
indicating  that  we  are  near  the  antiferromagnetic 
transition.  Superconductivity  is  found  to  occur  only  in 
this  narrow  region  of  phase  space.  For  example,  for  our 
calculation  at  T=0.91  T(,  with  the  Hubbard  U  set  at 
4.288,  the  critical  value  of  U(Uj,)  for  the 
antiferromagnetism  is  calculated  to  be  4.3048.  This 
implies  a  Stoner  factor  of  about  175.  This  huge 
enhancement  factor  is  required  in  order  to  get  agreement 
with  the  measured  absolute  value  of  the  susceptibility  in 
La  Sr  Cu  O. 


<¥•?)  ° 


Fig.  1.  R  is  the  imaginary  part  of  the  spin  susceptibility 
divided  by  o).  It  is  given  as  a  function  of  momentum 
(k,;,ky)  around  the  incommensurate  peak  displaced  from 
(ir,7r)  for  T= .91  Tj,.  This  figure  applies  equally  well  to 
any  small  to  and  not  just  the  limit  co-K). 


Recently,  the  penetration  depth  and  microwave 
absorption  have  been  measured  separately  for  the  a-  and 
b-  direction  of  the  CUO2  plane  and  found  to  display  a 
very  significant  anisotropy.  [11,12]  For  example,  the 
zero  temperature  penetration  depth  in  the  a-  direction 
was  found  to  be  1600  A  and  in  the  b-  direction  1030  A 
for  YBa2Cu307.  This  large  measured  anisotropy  has 
been  taken  to  be  due  to  the  CuO  chains  and  as  an 
indication  that  a  considerable  amount  of  the  condensate 
resides  on  the  CuO  chains.  To  simulate  the  existence  of 
chains  as  well  as  plane,  we  use  a  tight  binding  band  but 
with  anisotropic  first  nearest  neighbour  hopping.  This 
ensures  that  the  a-  and  b-  directions  are  distinct  while 
retaining  a  single  2-dimensional  copper  oxide  band.  For 
such  an  anisotropic  band  structure,  we  write  down  and 
solve  numerically,  by  a  fast  Fourier  transform 
technique,  the  BCS  gap  equations  with  pairing 
interaction  due  to  the  exchange  of  antiferromagnetic  spin 
fluctuations.  For  the  spin  susceptibility,  which 
detennines  the  pairing,  we  employ  the  simple  form 
suggested  by  Millis,  Monien  and  Pines.  [13]  It  is  much 
simpler  to  use  than  the  self  consistent  susceptibility 
described  previously  and  is  phenomenological  in  origin. 
The  form  is  determined  from  consideration  of  NMR 
data.  In  this  work,  it  is  taken  over  unmodified. 

Lenck  and  Carbotte  [14]  have  already  solved 
numerically,  the  BCS  gap  equation  for  a  model 
dispersion  with  tetragonal  symmetry  and  MMP 
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susceptibility.  They  found  that  the  solution  for  the  gap 
contained  a  single  irreducible  representation  of  the 
crystal  lattice  group  with  symmetry.  Of  course, 
the  numerical  solutions  involve  many  higher  harmonics 
within  this  representation  but  much  of  the  physics  can  be 
understood  using  the  simple  function 
A(IQ  =  AqCO  Vi  [cos(Kxa)-cos(Kya)] .  When  anisotropy  is 
included  in  the  first  nearest  neighbour  hopping,  the 
solutions  for  the  gap  A(K)  become  more  complicated. 
When  we  projected  our  solutions  onto  the  various 
irreducible  representations  of  the  tetragonal  group,  we 
found  that  they  contained  a  mixture  of  dj(2_y2,  isotropic 
Sowave,  and  extended  S-wave  (S^)  representation.  Of 
course,  as  for  the  d-wave  part,  the  extended  wave 
part  consists  of  a  [cos  (Kjja)-l-cos(Kya)]  plus  many 
higher  harmonics.  A  reasonable,  although  certainly  not 
exact,  representation  of  our  solutions,  however,  is 
obtained  by  keeping  only  lowest  harmonics  in  each 
representation. 

In  Fig.  2,  we  show  the  penetration  depth 

and  Xyy"^(T)  for  an  MMP  superconductor  as  a 
function  of  temperature.  A  second  nearest  neighbour 
hopping  parameter  was  included  appropriate  to  YBCO 
and  the  filling  was  <n>=0.88.  The  magnitude  for  Tg, 
is  94.0  K.  The  nearest  neighbour  hopping  anisotropy 
parameter  was  taken  to  be  25%,  which  ted  to  a  29% 
admixture  of 'extended  S-wave  plus  constant  part  into  the 
mainly  D-wave  gap  on  solution  of  the  BCS  equation. 
From  the  figure,  we  conclude  that  the  ratio  X^x'^fT =0) 
/Xyy‘^(T =0)  is  around  2  as  in  the  experiments  of  Zhang 
et  al.^'^^  We  note  also  that  both  penetration  depths 
and  Xyy'^  show  a  linear  temperature  variation  at  low  T 
as  is  observed,  although  over  the  entire  temperature 
range  the  agreement  is  not  so  good.  In  particular,  the 
slope  near  Tg  is  smaller  in  our  calculations  than  is 
observed.  Simple  BCS  models  of  the  kind  used  here 
seem  not  to  be  able  to  reproduce  the  detailed 
observations  particularly  near  Tg.  They  omit,  of  course, 
any  effect  of  fluctuations  which  could  become  important 
in  this  temperature  region. 

In  a  recent  experiment.  Sun  et  al.  [15]  have 
observed  a  D.C.  Josephson  current  to  flow  between 
YBCO  and  Pb  for  a  c-axis  tunnel  function  with  current 
perpendicular  to  the  planes.  The  authors  point  out  that 
this  is  unexpected  if  YBCO  is  a  pure  d-wave 
superconductor.  But  in  our  anisotropic  effective  mass, 
model  a-  and  b-  directions  are  not  equivalent  and  the  gap 
does  not  have  pure  dx2_y2  symmetry  so  that  a  Josephson 
current  can  flow  even  for  incoherent  tunnelling.  For  a 


Fig.  2.  Comparison  of  the  temperature  variation  of  the 
penetration  depth  (in  arbitrary  units)  for  x  and  y 
direction  for  the  case  with  second  nearest  neighbour 
hopping  appropriate  for  YBCO  filling  n= 0.94,  Tg=94K 
and  effective  mass  anisotropy  parameter  and  5=0.25. 
These  results  are  based  on  complete  numerical  solutions 
of  the  BCS  gap  equation  for  the  MMP  model 
susceptibility.  The  anisotropy  in  Xjj'^CO)  is  about  a 
factor  of  2  as  measured  experimentally. 

25%  anisotropy  between  a-  and  b-  direction  first  nearest 
neighbour  hopping  parameters,  we  have  computed  the 
maximum  D.C.  Josephson  current  of  a  YBCO-I-Pb 
function  and  show  our  results  in  Fig.  3  (solid  dots). 
Also  shown  for  comparison  are  the  standard  results  for 
a  Pb-Pb  function  (solid  squares)  The  temperature 
dependence  predicted  for  the  anisotropic  orthorhombic 
case  is  not  so  different  from  the  standard  isotropic  gap 
result.  The  resulting  RJ(0)  product  where  R  is  the 
junction  resistance  and  J(0)  is  the  zero  temperature  value 
of  the  maximum  current  was  0.9  meV.  This  is  close  to 
the  measured  value. 

Self  consistent  calculations  of  spin  and  charge 
fluctuations  in  a  narrow  tight  binding  band  with  nearest 
neighbour  hopping  and  Hubbard  U  can  give 
superconducting  solutions.  In  the  calculation  of  the  self 
energy,  some  definite  approximation  must  be  adopted  for 
the- computation  of  the  susceptibility  kernels.  Using  a 
random  phase  approximation  for  the  treatment  of  the 
Stoner  enhancement  of  the  irreducible  susceptibilities 
which  are  calculated  as  a  simple  product  of  two  self 
consistent  Green’s  functions  without  vertex  corrections, 
does  give  a  superconducting  solution  with  dx2.y2 
symmetry  (including,  of  course,  many  high  order 
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Fig.  3.  The  maximum  D.C.  Josephson  current  (solid 
dots)  as  a  function  of  temperature  calculated  from  full 
numerical  solutions  of  the  BCS  gap  equation  with  spin 
susceptibility  taken  to  be  the  MMP  model.  The 
anisotropy  in  nearest  neighbour  hopping  is  25  %  so  that 
the  penetration  depth  shows  a  factor  of  2  anisotropy 
between  a-  and  b-  in  plane  value  as  measured  in 
experiments.  Also  shown  for  comparison  are  the 
standard  results  (solid  squares)  for  a  Pb-Pb  junction. 

harmonics  in  this  irreducible  representation)  of  the 
tetragonal  group  for  Hubbard  U  very  near  the 
antiferromagnetic  phase  transition  boundary.  While  such 
calculations  are  suggestive  of  a  possible  superconducting 
instability  in  the  Hubbard  model,  they  certainly  do  not 
prove  that  this  is  the  case  since  the  approximations  used 
may  prove  to  be  inadequate  for  the  values  of  U 
considered.  Recent  experiments  on  the  in  plane 
penetration  depth  in  high  quality  single  crystals  of 
YBa2Cu307.5  have  discovered  a  large  anisotropy 
between  a-  and  b-  directions  inconsistent  with  tetragonal 
symmetry  and  a  pure  gap.  For  a  single  electronic 
band  with  different  first  nearest  neighbour  hopping  in  a- 
and  b-  direction,  we  find  that  the  numerical  solutions  of 
the  BCS  gap  equations  using,  for  simplicity,  the 
phenomenological  susceptibility  of  Millis,  Monien  and 
Pines,  yields  a  gap  which  is  an  admixture  of  a  main 
dj^j_y2  eomponent  but  with  a  minority  component  having 
extended  S-wave  symmetry  including  a  small  constant 
part.  Our  solutions  can  easily  account  for  the  measured 
penetration  depth  anisotropy.  Additionally,  they  provide 
a  possible  explanation  for  the  magnitude  of  D.C. 
Josephson  current  measured  between  YBCO  and  Pb  in 
c-axis  oriented  functions. 
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We  solve  Eliashberg  equations  in  the  case  of  strong  anisotropic  electron-phonon  coupling  and  low  en¬ 
ergy  cutoff.  In  a  simplified  model  representing  the  Fermi  Surface  of  (Cu02)n  planes,  we  exhibit  a  d- 
wave  solution  as  well  as  a  generalized  s-wave  one. 


KEY  WORDS:  Eliashberg  equations,  electron-phonon. 


1.  Introduction 

The  basic  mechanism  of  high-temperature  super¬ 
conductivity  is  not  yet  known.  Possibilities  are  the  BCS 
phonon-mediated  interaction,  exchange  of  paramagnons, 
or  some  other  Coulomb  interaction,  described  for  example 
by  the  t-J  model,  or  the  Pines  theory  [1].  It  is  frequently  ar¬ 
gued  that  when  the  superconducting  gap  parameter  A  has 
a  rf-wave  symmetry  [2],  this  implies  a  Coulomb  mecha¬ 
nism,  while  a  phonon-mediated  interaction  causes  an  s- 
wave  (or  extended  i'-wave)  symmetry  of  A  [3].  This  argu¬ 
ment  is  based  on  a  long  experience  with  the  phonon-me¬ 
diated  mechanism,  since  the  work  of  BCS,  Gorkov, 
Nambu  and  Eliashberg  [4].  The  electron-phonon  interac¬ 
tion  in  normal  metals  is  local  in  ordinary  space  [5]  and 
consequently  the  k-dependence  of  the  interaction 
D{k,k',i(0-m'}  =  /(A:,A:')2(Op;,/[(co-co')^  +  (O^J 
is  weak  and  usually  averaged  over  the  FS  [6].  This  local¬ 
ity  is  due  to  strong  screening;  g  (k,  k'}  is  proportional  to 
the  ion-electron  potential  given  by  [7] 

V  (k,  k')  =  4ne^/  \_(k-k')^  +  and  the  Thomas- 
Fermi  screening  parameter  Kjp  is  large,  and  therefore  Vis 
nearly  isotropic.  In  normal  metals,  Kj.^-  =  0.66  kp , 
where  (~3)  is  the  average  distance  between  electrons 
in  units  of  the  Bohr  radius.  In  the  high-  cuprates,  the 
oxide  background  has  a  very  large  dielectric  constant 
Eq  =  60  [8],  therefore  K^p  =  47te  niEp)/eQ  is  much 
smaller,  and  a  typical  value  is  =  0.3^^  .  Consequently 

V  is  very  anisotropic,  with  predominandy  forward  scatter- 
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ing.  This  favors  superconductivity  with  rf-wave  symmetry 
of  A,  even  for  the  phonon -mediated  process. 

In  the  present  work,  we  present  solutions  of  the  Eli¬ 
ashberg  equations,  generalized  for  an  interaction 
D  (k,  k',  id)  -  id)')  with  a  strong  A-dependence,  for  an 
electron-phonon  matrix  element  g  {k,  k')  proportional  to 
V  (k,  k') .  We  find  that  there  are  solutions  with  d-wave  and 
x-wave  symmetries  that  are  nearly  degenerate  in  energy, 
and  thus  small  changes  in  the  parameters  cause  a  crosso¬ 
ver  between  the  two  symmetries,  without  a  large  change 
in  T^. 

In  previous  publications  [9]  we  solved  the  general¬ 
ized  Eliashberg  equations  for  an  electron-phonon  cou¬ 
pling  g  (jfc,  k')  possessing  a  cutoff  at  an  energy  close 

to  the  energy  cOq  at  which  the  dielectric  constant  E  (to)  of 
the  background  falls  significantly,  i.e.  about  10-20  meV 
[6].  We  found  that  this  small  cutoff  ,  where 

^ph  ~  energy  of  the  phonons  responsible 

for  the  pairing,  changes  the  nature  of  the  solutions  of  the 
Eliashberg  equations  in  a  very  essential  way.  The  well- 
known  relationship  Z  =  l  +  k  (for  the  renormalization  at 
the  FS)  and  h/2nx  =  InXkpT  (the  Hopfield  relation 
between  the  electron-phonon  scattering  rate  x  and  the 
McMillan  constant  )  no  longer  hold,  even  approximate¬ 
ly;  thus  a  very  large  X  (~10)  ^ives  rise  to  a  value  of  Z  of 
about  2-3,  and  a  very  small  x~  .We  found  that  we  can  ac¬ 
count  for  the  high  value  of  ,  the  insensitivity  to  the  very 
strong  Coulomb  interaction,  the  suppression  of  the  isotope 
effect,  the  large  value  of  2A(0)/T^,  the  zero-bias-anom¬ 
aly,  and  several  other  features  of  the  superconductivity  of 
the  cuprates,  as  well  as  some  other  exotic  superconduc- 
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tors,  such  as  the  organics.  We  developed  a  computer  pro¬ 
gram  that  solves  the  generalized  Eliashberg  equations, 
incorporating  the  strong  A^-dependence.  The  present  calcu¬ 
lation  is  a  continuation  of  this  work. 

2.  Description  of  the  model 

In  our  calculations,  we  consider  a  simple  model  of 
the  Fermi  surface  (FS).  It  is  divided  into  3  pieces,  in  which 
FS  piece  number  2  has  a  different  coupling  from  pieces  1 
and  3.  This  choice  is  made  to  remind  of  the  FS  of  BiSCO, 
so  that  number  2  corresponds  to  the  rounded  comers  while 
1  and  3  correspond  to  the  planar  sections  [11].  The  te¬ 
tragonal  crystal  symmetry  is  such  that  pieces  1  and  3  are 
equivalent.  We  restrict  ourselves  to  a  2-dimensional  mo¬ 
mentum  space,  thus  the  momentum  can  be  defined  as 
k  =  {k^,  A||)  where  is  the  component  perpendicular  to 
the  FS  and  k^^  the  parallel  one. 

The  gap  equation  that  we  solve  self-consistently 
can  be  written  as  [12]  (in  the  Matsubara  representation 
where  co„  =  (2n-(-l)7tr) 


O  (A,  /(D„)  =  -TY,\\ik'G  (A-,  /co„,) 

n' 

X  [D  (A,  A',  i(0„  -  -  |X  (A,  A')  ]  <&  (A',  {co„.) 

where  G  is  the  renormalized  electronic  Green  func¬ 
tion,  D  is  the  phononic  one  and  p.  represents  the  Coulomb 
potential.  We  consider  an  electron-phonon  interaction  that 
is  cut  off  in  k_^,  i.e.  the  coupling  falls  to  zero  for 
(kj)  -  ^  ik\)  I  >  [13].  This  cutoff  is  small  ex¬ 

cept  for  the  FS  piece  corresponding  to  the  comer.  Indeed, 
since  the  density  of  states  is  larger  there  (we  are  near  a 
Van  Hove  singularity),  the  elastic  scattering  rate  be¬ 
ing  therefore  larger  too,  and  since  the  cutoff  must  be 
greater  than  cannot  be  so  small  [9].  Another  es¬ 

sential  feature  of  our  coupling  is  that  it  decreases  rapidly 
with  A||  -  A'li ,  i.e.  the  coupling  is  very  weak  between  two 
different  FS  pieces.  This  follows  from  the  small  value  of 
K.JP .  Morover,  in  order  to  simplify  the  calculations,  we 
choose  the  phonon  spectmm  as  an  Einstein  spectrum  of 
frequency  .  The  Coulomb  repulsion  is  chosen  to  have 
a  similar  behavior  with  a  cutoff  and  being  peaked  in  A,, 

(but  not  so  sharply  as  the  electron-phonon  interaction). 

Since  eq.(l)  has  to  be  solved  self-consistently,  we 
have  to  choose  the  initial  values  for  d)  (A,  i03^)  .  We  will 
show  that  2  different  initial  conditions  lead  to  2  different 
solutions  of  the  Eliashberg  equations  even  with  exactly 
the  same  coupling  parameters.  As  we  said  above,  we  take 
3  FS  pieces  that  are  labelled  with  the  discretized  A,,  coor¬ 


dinate:  q  =  1,3  for  the  two  planar  sections  and  q  =  2 
for  the  comer.  The  s-wave  like  initial  condition  is  simply 

(A,  icoj  =  1  VA,n  (2) 

wheras  the  i(-wave  like  one  is 


d) 


0 


(A,  icoj 


-1  if^=l 

0  if^  =  2  VA^.«  (3) 

1  if  ^  =  3 


3.  Results 

The  corresponding  solutions  of  the  Eliashberg 
equations  are  shown  in  Fig.  1 .  We  immediately  see  that  the 
initial  symmetry  is  preserved.  Since  we  take  only  a  few  FS 
pieces  in  account,  it  is  more  convenient  to  use  a  matrix  no¬ 
tation  to  denote  the  {q,  q')  dependence  of  the  parameters. 
The  (Aj^,  Aj^’)  part  is  defined  through  the  cutoff  matrices 
and  .  The  strength  of  electron-phonon  interaction 
is  given  by  the  matrix  of  McMillan  [14]  constants  '^ph  and 
the  coulomb  repulsion  is  defined  by  p. .  The  parameters 
we  used  for  these  calculations  are: 


II 

5  0.25  0.05 

0.25  1  0.25 
0.05  0.25  5  . 

.  lpk  = 

0.4  2  4 

2  2  2 
_4  2  0.4_ 

^  = 

3  0.75  0.25 

0.75  3  0.75 

0.25  0.75  3 

>  ^c  = 

2  CO  oo 

OO  2  OO 

oo  oo  2 

Fig.2  shows  the  density  of  states  (DOS)  of  the 
quasiparticles  in  the  two  cases  considered.  We  can  see  that 
both  of  these  DOS  roughly  reproduce  the  measured  DOS 
with  ARPES  [15]  or  STM  [16].  Indeed  the  difference  be¬ 
tween  the  tf-wave  and  the  s'-wave  DOS  is  very  small  and 
they  could  equally  well  explain  experimental  data. 

We  considered  a  situation  where  the  non-diagonal 
coupling  was  very  small.  Following  the  discussion  of 
Combescot  [3],  one  can  think  that  this  is  due  to  the  weak¬ 
ness  of  the  coupling.  Indeed,  we  found  that  the  solution 
possesses  5-wave  symmetry  as  soon  as  the  non-diagonal 
couphng  is  strong  enough.  This  occurs  approximately 
when  the  non-diagonal  terms  of  the  electron-phonon  cou¬ 
pling  become  equal  to  the  corresponding  terms  in  the 
coulomb  repulsion  p ,  and  this  is  completely  independent 
of  the  choice  of  the  initial  condition  or  . 
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(a) 


for  =  1  for  q(k^^  =  2  for  q(kt)  =  3 


Fig.  1.  Gap  parameter  ^(k,i(0^  for  n  =  0  as  function  of  ^(kj 
and  q(kiJ  for  (a)  s-wave  case  and  (b)  d-v/ave  case.  The  tempera¬ 
ture  isT=  0.016  (all  energies  are  in  units  of  (Op/,). 
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Fig.  2.  DOS  n(E)  of  the  quasiparticles  (approximated  as  in  [9]) 
as  function  of  their  energy  E  in  the  case  of  (a)  s-wave  and  (b)  d- 
wave  (all  energies  are  in  units  of  (0^*). 

The  solution  with  the  lowest  free  energy  will  be  the 
stable  one,  and  it  is  likely  that  this  is  also  the  one  with  the 
highest  .  This  is  because  high  is  correlated  with  a 
large  gap,  which  in  turn  lowers  the  energy  more  than  a 
small  gap.  We  calculated  and  found  the  same  temper¬ 
ature  of  ~  0.135  (0^;,  in  both  cases.  There  seems  then 
at  first  sight  to  be  a  degeneracy  in  the  two  symmetries. 


This  is  not  surprising  as  long  as  the  coupling  is  very  weak 
between  different  FS  pieces.  In  this  case  the  gap  equation 
is  in  practice  decoupled  between  the  different  FS  pieces 
and  the  sign  of  the  gap  of  one  FS  with  large  local  coupling 
can  take  any  value  independent  of  the  phase  of  the  gap  at 
neighboring  FS  pieces. 

4.  Discussion 

We  find  solutions  of  the  Eliashberg  equations  with 
s-  and  d-wave  symmetry  are  nearly  degenerate.  This  result 
can  also  be  understood  qualitatively  within  the  framework 
of  the  weak-coupling  limit,  where  the  gap  equation  is  giv¬ 
en  by  [10] : 


We  consider  now  an  isotropic  Coulomb  interaction 
p*  ,  an  isotropic  Fermi  velocity  v  (jt’n)  ,  and  an  anisotrop¬ 
ic  phonon-mediated  interaction  that  vanishes 

for  a  scattering  angle  (A:||  -  A:'||)  /kp  larger  than  A0 .  There 
is  a  solution  with  5-wave  symmetry,  with: 

,  where  X  =  n  {Ep)  yQ , 
yg  =  Jy(X||-X'||)dX||dX’||/Jd!fe||dfe'||.Thereisalsoasolu- 
tion  with  d-wave  symmetry,  with  nodes  at 
0  =  k^/kp  =  ±jt/4,  ±37t/4 .  If  A0<7r/4,  then  at 
0  =  0,  A^  =  .  We  illustrate  A^  and  A^  as 

function  of  0  in  Fig.3a.  We  plot  A^ ,  A^  as  function  of  A0 
in  Fig.3b,  for  the  “normal”  case  in  which  p*  <  X ,  but  p* 
not  very  small,  and  for  the  case  in  which  p*  is  very  small. 
We  see  that  when  A0  <  71/4 ,  and  also  p*  «  1 ,  the  solu¬ 
tions  with  s-  and  d-wave  symmetry  are  nearly  degenerate. 

In  our  case,  A0  -  {^fipp/kp)  =  0.1 ,  therefore  the 
condition  that  there  is  virtually  no  scattering  for  0  >  7t/4 
is  well  satisfied.  For  a  “normal”  metal,  where  Kj.^  >  kp , 
this  is  not  the  case.  As  for  p*  ,  we  estimate  for  the  cuprates 
that  p*  =  0.3  -  0.4 ,  since  the  bare  p  is  very  large,  and 
In  (Ep/o)pf)  is  not  very  large  because  of  the  large  value 
of  .  Thus  the  condition  p*  «  1  is  not  satisfied.  How¬ 
ever,  we  saw  [9]  that  because  of  the  small  cutoff  ,  p* 
has  to  be  replaced  by  p**  given  by: 
p**  =  p/  { 1  +  p  In  [  (£f/co^,)  (Ep/^p^)  ]  }  ,  and 
p**  is  very  small  (=  0.1).  Thus  the  two  conditions  for  the 
near-degeneracy  are  indeed  satisfied.  This  is  not  the  case 
in  the  theory  of  Monthoux  et  al  [1],  where  the  d-wave  so¬ 
lution  is  due  to  the  very  large  value  of  p  ( 1,  3)  ,  and  no  so¬ 
lution  with  5-wave  symmetry  is  present. 
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(a) 


(b) 


Fig.  3.  General  shape  of  the  gap  parameters  Aj  (clashed  line) 
and  (plain  line)  as  function  of  (a)  the  angle  6,  and  (b)  A6  de¬ 
termining  the  angular  range  of  the  interaction. 
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5.  Conclusion 

The  conventional  belief  that  the  phonon-mediated 
(BCS)  mechanism  gives  rise  to  solutions  with  s-wave 
symmetry,  depends  on  a  nearly-isotropic  electron-ion  po¬ 
tential.  This  is  the  case  in  “normal”  metals,  where  the 
screening  parameter  is  large.  In  the  cuprates,  and 
some  other  “exotic”  superconductors,  is  very  small 
because  of  the  large  static  polarizability  of  the  oxygen 
background,  and  therefore  the  potential  is  extremely  ani¬ 
sotropic,  giving  rise  to  predominantly  forward  scattering. 
We  found  that  this  causes  solutions  of  the  EUashberg 
equations  with  s-  and  df-wave  symmetry  to  be  nearly- 
degenerate,  so  that  a  small  change  in  parameters  (such  as 
the  elastic  scattering  rate  due  to  defects)  can  cause  a  cross¬ 
over  between  the  two  symmetries  without  a  large  change 
in  .  This  seems  to  be  in  accord  with  experiment. 
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Exchange-Correlation  Effects  on  the  Superconductivity  of  a  Layered  Two- 
Dimensional  System 

Y.M.  Malozovskyi+  and  S.M.  Bose^ 


The  effects  of  the  Hubbard  exchange-correlation  term  G(k)  on  the  normal  and  supercon¬ 
ducting  state  properties  of  a  layered  2D  system  has  been  investigated.  It  is  shown  that  it 
can  induce  a  metal-insulator  phase  transition  when  the  condition  pp  =«  1  /c,  where  c  is  the 
interlayer  separation,  is  satisfied.  For  lower  carrier  densities,  the  plasmon-mediated 
superconductivity  is  suppressed,  whereas  at  higher  densities  superconductivity  can  exist 
with  Tc  having  a  bell-shape  dependence  on  the  carrier  density. 


KEY  WORDS:  exchange  -correlation,  plasmons,  bell-shape  Tc 


Among  potential  nonphonon  mechanisms  of 
high-Tc  superconductivity  the  plasmon  exchange 
model  has  been  studied  by  various  authors  [1-3]. 
In  recent  related  papers  [4,5],  we  have  shown  that 
in  the  standard  Fermi-liquid  approach  in  the 
RPA,  the  electron-plasmon  interaction  in  a 
layered  2D  electron  gas  may  lead  to  results  which 
are  similar  to  the  phenomenology  of  'marginal' 
Fermi-liquid  model  in  both  normal  and  su¬ 
perconducting  states  [6,7].  In  this  paper  we 
introduce  the  exchange-correlation  effects  in  the 
Hubbard  approximation  and  show  that  it  can 
induce  a  metal-insulator  phase  transition  at  a 
certain  carrier  density  and  suppress  plasmon- 
mediated  superconductivity  near  this  phase 
transition.  For  higher  carrier  densities 
superconducting  transition  temperature  Tc  has  a 
bell-shape  dependence  on  the  carrier  density  [8]. 

The  local  field  factor  is  related  to  the 
Landau  Fermi-liquid  interaction  and  has  the  form 
[9] 


where  Z(0)  =  Z(p,(o)  I  (o=o,  Ipl  =PF=1- 
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■^Present  address:  Department  of  Physics,  Southern 
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9E(p,co)/3(o  I  (a=o,  lPl=PFis  the  well-known 
Fermi-liquid  renormalization  parameter.  It  has 
also  been  shown  that  [10] 


In  a  layered  two-dimensional  (2D)  metal, 
with  cylindrical  topology  of  the  Fermi  surface, 
the  exchange  part  of  the  self-energy  can  be 
written  as  [11] 

£»  (P)  =  2'£\  ^  V(p-k)  X 

k  (3) 

Im  G(k,a))  npCco) , 


where  nplco)  =  [  exp  (co/T)  +  1  ]'^  is  the  Fermi  dis¬ 
tribution  function,  and  G  is  the  normal  electron 
Green's  function  which  is  determined  by 


G(p,w)  =  [  ajZ(p,a))  -  ]  *1,  (4) 

where  ^p=  Ep  -  ep  is  the  energy  measured  relative 
to  the  Fermi  energy  with  ep=p^/2m*  being  the  2D 
single-particle  energy.  In  Eq.  (2)  V(k)  is  the  bare 
Coulomb  interaction  in  a  layered  crystal  which 
has  the  well-known  form  [8] 

,,,, .  , ,  .  sinh  c  k|| 

V(k)  =  Vo(k||)  — - — - — 

cosh  c  k||  -  cos  ckz  (5) 

=  Vo(k|,)f(k), 

where  c  is  the  separation  between  successive 
layers  of  a  layered  2D  metal,  and 
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Vo(k||)  =  iTie^/kiiK  is  the  Coulomb  interaction  in 
a  pure  2D  case  with  k  as  the  dielectric  constant  of 
the  background  lattice. 

Combining  Eqs.  (1),  (2),  (3),  and  (4)  we 
arrive  at  the  following  Hubbard-like  expression 
for  the  local  field  factor  in  a  layered  system  [11] 

G(k)  =  — - )===  ,  (6) 

2  f(k)  Vk2  -H  p2 

We  wish  to  use  the  Eliashberg  equations  for 
a  layered  system  derived  in  reference  5,  in  which 
the  kernel  of  interaction  has  the  form 


Spi(k>co)  —  ■ 


Vo(k)o)2 

-  CO^XCO^  -  CO?) 


In  Eq.  (10) 

a)p(k)  coth^  +  ^  (1-T  ot)  v^k^,  (11) 

is  the  pure  optical  plasmon  frequency,  and 
0)?«  cOp(k)  tanh  ^  +  j  (1-|-  a)  vpk^,  (12) 
is  the  proper  acoustic  plasmon  frequency  with 
0^(k)=  Vpppk/  K  being  the  plasmon  frequency 
for  a  pure  2D  system;  a*B  =  K/e^m*  is  the  effective 
Bohr  radius  and  a  =  e^/vpK  is  the  inter-electron 
interaction  constant. 


S(^2,(0)  =  - 


with  k=k|  I ,  and 


j  [  F(k,co)  +  F(k,-a))]  x 

Jy(co)/vp 

S(k,Q)kdk 


S(k,o))  =  ^  j  dk,V2(k)  X 
[l-G(k)]Imx(k,0)), 

is  the  average  of  the  kernel  of  interaction  over  kz. 
In  Eqs.  (7)  and  (8) 

r  I  n  \  2l*  1/2 

F(k,  ±co)=  v^2-  -^±Y(co) 

L  \2m  / 

and 

X(k,a))=5^(k,co)/[l  -  V(k)  x(k,(o)], 

with 

X(k,co)  =xo(k,co)r(k,(o) 

=  Xo(k,co)  (9) 

l-t-V(k)G(k)xo(k,co)  ’ 

where  %o(k,(o)  is  the  usual  Lindhard  response 
function  in  a  pure  2D  case  and 

Y(co)  =  Z((o)  Re  V  0)2  -  A^(co) . 

Let  us  first  we  consider  the  contribution  of 
plasmon  excitations.  Following  the  method  of 
reference  5,  it  can  be  shown  that  the  average  ker¬ 
nel  of  interaction  in  region  of  plasmon  excitation 


Substituting  Eq.  (10)  into  Eq.  (7)  we  find 
that  for  a  layered  system  (pFC>  1),  the  kernel  for 
the  electron-plasmon  interaction  is 

Q  = _ QcQ _ V 


Spi(Q,(o')  - 


27t^  Vo^i  - 


1  -  (Y-  a/2  -H  3/4)Y2(co’)/Q' 


VY-a/2  +3/4  Y(a)’)  <  Q 
<  min{tOpi,  V Y -a/2  +3/4  ep), 

where  K(x)  is  the  complete  elliptic  integral  of 
the  first  kind  and  y  =  c/2a*B  is  the  interlayer 
plasmon  coupling  constant,  C0pi=  (47ce2ns/Km*c)l/2 
=  tOt/VY  is  the  bulk  plasmon  frequency  for  a 
layered  2D  system,  and  co'Zfo)')  <  ep. 

It  has  been  shown  that  the  contribution 
from  the  single-particle  excitations  and  bare 
Coulomb  interaction  to  the  equation  for  the  gap 
has  the  form  [5] 


^cl  =  -  I 

Jo 


ZciAci  =  -  I  dco'Re 


A(o)’) 

to’2  -  A^(co’) 


where 


[i(co’)  tanh^, 


n/c  -2pF 


H(co)  = 


M 

J-  ic/c  Jy 


kdk  X 


(27I)  j  }y(fO)/vi: 
[F(k,C0)+F(k,-C0)]  Vscr(k), 
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is  the  screened  Coulomb  repulsion  parameter  with 

Vscr(k)=i  _v(k)[l.^)]  ;co(k||,0)' 

as  the  screened  Coulomb  potential  in  a  layered  2D 
metal.  The  averaging  over  kz  in  Eq.  (15)  with  the 
use  of  Eq.  (16)  gives  the  expression  for  the 
screened  Coulomb  repulsion  parameter  near  (o  =  0 
as  p(0)  =  aps/Jt  where 


1 

V  x20^(x)+  2axO(x)coth 


insulator  phase  transition)  we  have 

V  ~  P  =  —  V7(l+aVc  -1/cpF  -->0 

^  Wpi 

when  pF  (c  +  a*B)  ->  1/  i-e.,  the  electron-plasmon 
interaction  constant  drops  rapidly  in  this  region. 

Next  let  us  consider  the  renormalization 
parameter  Z(co)  which  includes  contributions  of 
both  plasmon  and  single-particle  excitations.  It 
can  be  shown  using  the  results  of  our  previous  pa¬ 
per  [5]  that  the  renormalization  parameter  can  be 
written  as 

Z(C0)  =  1  +  >t,i(C0,T)  +  (  1  -  ^Is),  (21) 

It 

where  Ps  is  defined  by  Eq.  (17)  and 


with  0(x)  =  l-Ot/V  l+4x^,  and  ^  =  2pFC.  In  the 
strong  coupling  a  »  1(  low  density)  limit  when 
=  2pF  c  — >  2  we  get 


aV5  VpF(c  +  a*B)-l 


(18) 


which  shows  that  the  Coulomb  repulsion  param¬ 
eter  increases  infinitely  for  pF(c  +  a*B)  **>  1-  It 
will  be  seen  later  that  the  system  undergoes  a 
metal-insulator  phase  transition  when  the  condi¬ 
tion  PF  (c  +  a*B)  =  1  is  satisfied. 


Now  we  can  evaluate  the  electron-plasmon 
interaction  constant  using  the  result  of  our 
previous  paper  [5] 


Vl(®)  =  4 


(  daSpi(Q,(o), 

Jo  ^ 


Substituting  Eq.  (13)  into  Eq.  (19)  we  find 
electron-plasmon  interaction  constant  as 


(19) 

the 


Api((0)  «  In  (i2{)/coZ(co)),  where 

I'  cOp/VY-tx/2  +  3/4,  ^  >  1, 


(20) 


and  P  =  min{^,l),  ^  =  -^  VY-a/2  +3/4.  Thus  i 

COpi 

the  vicinity  of  the  instability  (the  metal- 


m 


Xpj(to,T)  - 


rf  pln(Qo/co),  cd»T, 
lfpln(Q/r),  co«T, 


(22) 


is  the  temperature  dependent  electron-plasmon 
interaction  constant.  It  follows  from  Eq.  (21)  that 
when  Ps  is  finite  and  less  than  the  plasmon 
contribution,  the  quasi-particles  are  well  defined 
with  Z((o)>l.  In  the  vicinity  of  the  instability, 
however,  ps  increases  infinitely,  the 
renormalization  parameter  Z(co)  decreases 
rapidly  and  thus  quasi-particle  cannot  exist.  The 
instability  (infinite  increase  of  Ps)  corresponds  to 
the  metal-insulator  phase  transition  which  in 
this  case  manifests  itself  as  a  drop  in  the  quasi¬ 
particle  density  of  states  at  the  Fermi  surface. 
Thus,  the  exchange-correlation  correction  in  a 
layered  2D  system  gives  rise  to  the  metal-insula¬ 
tor  phase  transition  when  the  condition  pp  (c  + 
a*B)  =  1  is  satisfied.  The  dependence  of  the  renor¬ 
malization  parameter  on  doping  density  (pF^)  is 
schematically  represented  in  the  Fig.  1. 


Following  the  method  described  in  refer¬ 
ence  5  the  equation  for  the  superconducting  tran¬ 
sition  temperature  is 

Tc  =  1 . 1 3  COo  exp(-  1/  Xeff),  (23) 


where 
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,  /M%2i  +  a2.b,  (24) 

aP  V  \  ap  /  aP 

Here  a^  ^  and  b  are  two  constants  of 
approximately  equal  magnitude,  and 
p*  =  p(0)/[l+p(0)ln(cOc«/coo)]  is  the  reduced  Coulomb 
repulsion  parameter  where  cOoo  is  the  cutoff 
frequency  of  the  Coulomb  repulsion,  which  is  of 
order  of  ep,  and  (Oq  =  £lo  is  the  cutoff  frequency  of 
the  electron-plasmon  interaction. 

We  now  study  Eq.  (23)  in  two  different 
limits:  pp  c  »  1  and  pp  c  >1.  First,  let  us  consider 
the  case  when  pp  c  »  1  where  we  have  coq  =  “ 

cOc/y  ~  vp/c  «  ep  and  a«l,  and  we  get 

Tc~^exp(-Xi), 

where  A.efr^»l  (since  a  is  small  and  P  is  finite). 
Thus,  in  this  case  Tc  will  diminish  with  the  in¬ 
crease  of  pp  c.  In  the  case  pp  c  >1  we  have  coo  ~  £p/ 
and  P  =  1  and  Tc  takes  the  form 

Tc  ~  ep  exp(  -  lAeff) 

where  is  finite.  This  case  which  represents 
strong  intra-  and  inter-plane  couplings  (a»l  and 
ppc  >1)  gives  the  maximum  possible  Tc  which 
scales  with  the  Fermi  energy  ep.  However,  in  the 
vicinity  of  the  metal  insulator  phase  transition 
(pp  c=l),  where  ps  increases  and  Xpi  ~  p  =  ^  «  1 
decreases  rapidly,  Eq.  (23)  also  leads  to  the  sharp 

drop  of  Tc  since  /  because  Ps  »  K  see 

Eq.  (18)),  and  ^  «  1  (see  Eq.  (20)).  Thus,  ex¬ 
change-correlation  corrections  strongly  suppress 
plasmon  mediated  superconductivity  in  the  vicin¬ 
ity  of  the  metal-insulator  phase  transition. 

Our  calculation  shows  that  in  a  layered  2D 
system,  in  the  presence  of  Hubbard-type  local 
field  correction,  the  plasmon  mediated  su¬ 
perconductivity  can  explain  the  bell-shaped  de¬ 
pendence  of  Tc  on  the  carrier  density  [8]  as 
schematically  shown  in  Fig.  1,  and  that  the 
metal-insulator  phase  transition  takes  place 
when  the  Fermi  momentum  is  approximately 
equal  to  the  inverse  interlayer  spacing.  Our 
estimation  of  the  doping  parameter  x  at  the 
metal -insulator  phase  transition  (pFC=l)  for  the 
LaSrCuO  compounds  with  c  =  6.6A,  and  a=  3.8A 
(where  a  is  the  in-plane  lattice  constant  for  Cu) 


gives  x=  a^ns  =  a^llnc^  ~  0.053,  which  is  in  good 
agreement  with  experimental  values  for  the 
doping  parameter  for  the  insulator-supercon¬ 
ductor  transition. 


In  conclusion,  in  this  paper  we  have 
shown  that  the  Hubbard-type  exchange- 
correlation  corection  can  induce  metal-insulator 
phase  transition  in  a  layered  2D  electron  gas  and 
lead  to  the  bell-shaped  dependence  on  doping 
density  of  the  transition  temperature  of  the 
plasmon  mediated  superconductivity . 
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The  "enhanced"  NMR  in  TmBa2Cu306+x  (x=0.5,  0.6)  at  temperatures  below  4.2K  and  the 
®Cu(l)  NQR  in  YBaiCusOs.s  at  temperatures  above  4.2K  are  used  to  study  properties  of  intrinsic 
paramagnetic  centers  incorporated  into  superconducting  materials.  The  spin-lattice  relaxation  of 
thulium  and  copper  nuclei  reveals  three  types  of  paramagnetic  centers  to  be  present  in  oxygen- 
deficient  1-2-3  superconductors,  those  are  (1)  two-level  ones  with  a  spin  S=l/2,  localized  outside 
CuOa  bilayers,  (2)  singlet-ground-state  paramagnetic  centers  with  an  integer  spin  Ssl  in  Cu02 
bilayers,  and  (3)  exchange  copper-oxygen  clusters  with  a  half-integer  spin  S>5/2,  localized  in  a 
nearest  neighborhood  of  CuOx  basal  plane  at  boundaries  of  superconducting  OrthoII  microdomains. 


KEY  WORDS;  1-2-3  superconductors;  NMR;  NQR;  spin-lattice  relaxation;  paramagnetic  centers. 


1.  INTRODUCTION 

Specific  heat  measurements  at  Lawrence  Berkeley 
Laboratory  on  a  variety  of  YBa2Cu306+x  (YBCOe+x) 
samples  have  revealed  correlations  between  a  number  of 
sample-dependent  parameters  that  suggest  that  the 
volume  fraction  of  superconductivity  is  strongly  sample 
dependent  and  that  the  nonsuperconducting  (NSC) 
regions  are  associated  with  a  low  concentration  of  Cu^^ 
magnetic  moments  [1].  The  principal  goal  of  this  paper 
is  to  clarify  the  origin  of  the  paramagnetic  centers  (PCs) 
in  1-2-3  compounds  using  magnetic  resonance  methods. 
The  "enhanced"  NMR  of  '®Tm  nuclei  (spin  1=1/2, 
100%  natural  abundance)  in  TmECO^+x  (x=0.5,  0.6) 
and  ®^Cu(l)  NQR  in  YBCOes  were  studied  at  low 
temperatures.  The  nuclear  spin-lattice  relaxation 
(NSLR)  data  suggests  that  all  PCs  are  localized  in  NSC 
regions  between  superconducting  (SC)  mesoscopic 
domains  of  OrthoII  structure. 

2.  THULIUM  AND  COPPER  RELAXATION  AT 
LOW  TEMPERATURES 

The  ^®Tm  NMR,  "enhanced"  by  a  hyperfme 
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interaction  of  the  nuclei  with  4f-electrons,  is  very 
sensitive  to  the  structure  of  the  crystal  lattice  [2],  Five 
different  combinations  of  "filled"  and  "empty"  nearest- 
neighbor  CuO  chain  fragments  in  TmBCOe+x  form  five 
types  of  rare-earth  centers  Kj  (i=0,l,2,3,4  denote  the 
number  of  "filled"  chains,  i=0,2,4  corresponding  to 
Tetra,  OrthoII,  and  Orthol  structures,  respectively)  in 
relative  amounts  well  consistent  with  a  model  of  two- 
dimensional  ordering  of  the  chains  in  CuOx  basal 
planes.  The  Tm  spectra  are  described  by  the 
Hamiltonian  %=-h'Ly.HJi  ,  whose  parameters  |Yb/27t| 
and  \iJ2n\  at  T<4.2K  have  the  following  values:  68(1) 
and  22.0(5)  MHz/T  in  Orthol  phase,  61(1)  and  25.6(5) 
MHz/T  in  OrthoII  phase,  and  53(1)  and  30.5(5)  MHz/T 
in  Tetra  phase  [3].  The  particular  feature  of  these 
spectra  used  in  our  studies  is  that  the  parameter  |ya/27t| 
remains  at  the  value  53(1)  MHz/T  for  all  types  K;  of 
Tm^^  centers.  Consequently,  at  the  condition 
H/v=0.0189  T/MHz  the  resonant  effect  of  the  rf  field  is 
felt  mainly  by  those  TmBCO&fx  crystallites  whose  a-axes 
are  nearly  parallel  to  field  H.  The  principal  features  of 
the  Tm  NMR  in  samples  aged  at  room  temperature  for 
more  than  1  year  are  as  follows  [4].  The  Tm  NSLR  is 
governed  by  PCs  at  boundaries  between  SC  and  NSC 
mesoscopic  plate-like  domains.  The  mean  size  of  CuO 
chain  fragments  (or  SC  domains  in  the  b-direction)  has 
been  estimated  to  vary  from  6bo  (24 A)  to  12bo  (48 A)  for 
x's  ranging  from  0.5  to  0.8,  and  the  PC  concentration  n 
vs.  X  has  been  deduced  (Fig.l).  The  most  interesting 
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Fig.l.  Concentrations  of  paramagnetic  centers  (O)  and  holes  in  CuOj 
planes  (♦=Ref  6)  vs.  oxygen  content  x. 

finding  is  that  the  n-value  at  the  transition 
"semiconductor-superconductor"  (x=0.4)  reaches  the 
maximum  of  '-0.07/unit  cell  [5],  which  coincides  with 
the  critical  hole  density  in  Cu02  planes  for  both  the 
metallic  conduction  and  superconductivity  [6].  The 
NSLR  kinetics  in  the  "aged"  samples  was  found  to  obey 
the  following  equation 

1  -  M,/Mo  =  exp(  -  ( t/  T,r  )-exp(-t/  T,'),  ,(1) 

with  Mt  the  magnetization  at  time  t,  the  Ti  and  T/  the 
NSLR  times,  and  the  quantity  m=l/2,  typical  for  three- 
dimensional  systems.  The  measured  relaxation  rates 
1/Ti’  at  liquid  helium  temperatures  were  found  to  have 
non-zero  values  (-O.Ss  ')  only  in  the  overdoped  samples 
(x>6.94).  The  kinetics  (1)  of  the  "m=l/2"-  type,  called 
"Forster's  law",  is  known  to  be  valid  in  the  absence  of 
the  nuclear  spin-diffusion  [7],  when  nuclear  spins  relax 
directly  via  PCs  randomly  distributed  in  a  crystal  lattice. 
The  difihisionless  relaxation  is  characteristic  for 
TmBCOe+x  compounds,  since  numerous  crystal  lattice 
defects  result  in  a  large  difference  between  local  crystal 
electric  fields  and,  consequently,  between  Larmor 
frequencies  of  Tm  nuclei  at  neighboring  Tm  sites.  The 
same  defects  should  be  responsible  for  the  distortions  of 
the  electric  field  gradients  at  copper  sites,  resulting  in  a 
diffusion-  limited  relaxation  of  Cu  nuclei  as  well.  At 
liquid  heliiun  temperatures  the  NSLR  of  both  '®^m  and 
®Cu(2)  nuclei  in  TmBC0692  sample  with  a  low  PC 
concentration  obey  Eq.(l)  with  1/Ti'=0  and  m=l/2, 
however,  in  the  case  of  a  high  PC  concentration  (at 
x=0.5)  the  power  m  becomes  close  to  1/3,  the  value 
characteristic  for  two-dimensional  systems  [8],  The 
physical  reasons  for  such  a  difference  in  the  NSLR 
behavior  in  high-  and  low-PC  concentration  limits  will 
be  discussed  elsewhere.  Formally,  in  any  case  the 
magnetization  can  be  anticipated  to  recover  according  to 


the  Eq.(l)  with  m=D/6  and  the  NSLR  rate  dependent  on 
the  PC  parameters  as  follows: 

(2) 

1  + 

Here  D  is  a  dimensionality  of  the  PC  distribution,  ©o  is 
the  nuclear  resonance  frequency,  Tc  is  a  correlation  time 
for  the  local  magnetic  field  fluctuations  created  by  PCs 
at  nuclei's  sites,  Po  is  the  polarization  factor  (Po= 
tanh(  gpBH/2kT)  for  the  two-level  system  with  S=l/2), 
the  coefficient  AD~n®®  being  dependent  on  n  and  D,  and 
on  the  strength  of  dipolar  interaction  between  nuclei  and 
PCs. 

3.  Tm  RELAXATION  IN  TmBCOs+x  (x=0.5  and  0.6) 

Since  PCs  in  1-2-3  compounds  are,  most  likely, 
induced  by  a  certain  type  of  the  crystal  lattice  defects, 
i.e.,  oxygen  vacancies,  we  studied  the  low  temperature 
NSLR  evolution  as  a  function  of  time  of  a  room- 
temperature  annealing  (RTA)  of  non-equilibrium 
samples.  The  samples  were  prepared  from  the  starting 
materials  with  x=0.95  by  annealing  in  air  at  700-750  '’C 
followed  by  fast  quenching  in  liquid  nitrogen.  The  RTA 
procedure  of  sample  x=0.5  results  in  the  evolution  of  the 
Tm  NMR  spectrum  from  tetragonal  to  orthorhombic 
symmetry  and  an  increase  of  the  critical  temperature  Tc. 
The  most  peculiar  features  of  the  Tm  NSLR  in  non¬ 
equilibrium  samples  are  as  follows  [9]:  (a)  The 
"m=l/3"-type  kinetics  observed  at  1.5K  for  the  sample 
x=0.5  aged  for  Irta  ^1000  min  transform  into  "m=l/2"- 
type  at  tRiA^lO''  min.  (b)  The  "l/3"-^e  kinetics  are 
found  for  both  "as  quenched"  (tRTA«30  min)  and  the 
"aged"  (tRTA=2  weeks)  samples  x=0.5  at  temperatures 
above  ~2K,  however  the  "1/3  "-power  in  the  "aged" 
sample  transforms  into  "l/2"-power  at  T<1K.  Therefore, 
the  transition  from  one  regime  to  another  can  be  driven 
not  only  by  an  oxygenation  of  the  sample  (x=0.5->0.6) 
or  by  the  RTA  procedure  for  a  long  enough  time,  but 
can  be  driven  also  by  the  temperature  lowering.  The 
latter  fact  means  that  the  concentration  of  PC-  acceptors 
starts  to  decrease  at  low  temperatures.  Such  effect  of  a 
thermal  depopulation  is  well  consistent  with  a  model  of 
a  singlet-doublet  system.  Indeed,  the  effect  of  the 
thermal  depopulation  must  occur  in  the  system  where 
the  PCs  have  a  non-magnetic  (singlet)  ground  state, 
separated  from  an  excited  magnetic  state  by  an  energy 
gap  of  ~1K.  (c)  The  experiments  with  sample  x=0.6 
confirm  the "  l/2"-type  kinetics  in  the  whole  temperature 
range  from  0.7K  to  4.2K.  (d)  The  temperature 
dependence  of  the  NSLR  rate  obeys  the  law  Tf’-  (1- 
tanh^6/2kT),  characteristic  for  the  relaxation  via 
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paramagnetic  impurites.  However,  the  energy  splitting  8 
depends  on  x:  in  the  field  of  1.7T  we  have  5=3.4-^3.6K 
and  2.3-^2.7K  for  x=0.5  and  0.6,  respectively,  the  latter 
value  of  5  corresponding  to  the  Zeeman  splitting  gpeH 
in  a  two-level  system  with  S=l/2  and  g=2.0-^2.4. 

Overall,  the  Tm  NSLR  data  makes  it  possible  to 
assume  two  types  of  PCs  to  be  present  in  oxygen- 
deficient  TmBCOfi+x  superconductors,  those  are  singlet- 
ground-state  PCs  localized  in  Cu02  planes  and  two-level 
PCs  localized,  most  likely,  outside  CuOa  planes.  The 
concentration  of  singlet-ground-state  PCs  is  very  high  in 
as-quenched  samples  and  decrease  drastically  during 
RTA  procedure,  so  that  in  well-annealed  samples  the 
two-level  PCs  centers  remain  mainly  responsible  for  the 
nuclear  relaxation  at  low  temperatures. 

4.  Cu(l)  RELAXATION  IN  YBCO«  s 

The  ®^Cu(l)  NQR  spectrum  of  twofold  co¬ 
ordinated  Cu^(l)2  atoms  consists  of  three  lines  [10]  at 
31.4  MHz  (copper  NQR  centers  belong  to  the  "empty” 
chain  located  between  two  "filled"  CuO  chain 
fragments),  30.9  MHz  (one  of  the  neighboring  chains  is 
empty),  and  30.3  MHz  (both  heighboring  chains  are 
empty).  The  30.9  MHz-line  has  a  maximum  intensity  in 
as-quenched  sample  x=0.5,  however,  during  RTA 
procedure  the  intensity  of  the  31.4  MHz-line, 
corresponding  to  the  growing  OrthoII  phase,  increases 
at  the  expense  of  30.9  MHz-line.  All  the  results 
discussed  below  were  obtained  at  the  frequency  of  31.4 
MHz.  In  this  way  the  ®^Cu(l)  NQR  was  used  to  monitor 
the  formation  of  SC  microdomains  of  Ortho  II  phase 
during  RTA  procedure.  The  kinetics  of  the  Cu(l)  NSLR 
at  T=4.2K  was  found  to  obey  Eq.  (1)  with  1/Ti -0  and 
m=l/3  (two-dimensional  distribution  of  PCs)  for  any 
values  of  the  annealing  times  tRiA  up  to  8  months.  As 
follows  from  Eq.(2)  with  A2~n^  and  measured  values  of 
Ti’s  at  T=4.2K  (Ti=2ms  and  13ms  at  tRTA=6niin  and  8 
months,  respectively),  the  PC  concentration  falls  down 
(for  ~2  times)  during  RTA  when  microdomains  of  Ortho 
II  phase  grow  in  size.  The  characteristics  of  these  PCs 
responsible  for  the  NSLR  of  Cu(l)  nuclei  can  be  seen 
from  the  temperature  dependence  of  the  NSLR  rate 
(Fig.2).  In  fact,  the  kinetics  of  the  Cu(I)  NSLR  at 
temperatures  above  ~20K  is  described  by  Eq.  (I)  with 
m=I/3  and  I/TiVO.  We  shall  not  discuss  here  the 
relaxation  mechanism  accounted  for  the  measured 
values  of  the  rates  1/Ti'  shown  in  lower  part  of  Fig.2, 
but  concentrate  on  the  rate  1/Ti  governed  by  PCs.  For 
temperatures  above  4.2K  the  Ti  ’  vs.  T  ’  dependences  for 
both  "as-quenched  "  (tRTA=20  min)  and  "aged"  (tRTA=4.5 


Fig.2.  Temperature  dependences  of  Cu(l)  NSLR  rates  1/Ti  (0,0)  and 
1/Ti'  (•,■)  in  "as  quenched"  (O,*)  and  "aged"  (□,■)  YBCOj.s  samples. 
Solid  lines  represent  Eqs.(3)  with  the  parameters  (4)  (lower  curve)  and  (5) 
(upper  curve). 

months)  samples  can  be  formally  described  by  the  Eq.(2) 
with  Po=0  and  A2=Y^<ht^>,  where  y/27i=  11.285  MHz/T 
is  the  gyromagnetic  ratio  of  “Cu  nuclei,  and  <ht^>  is  the 
mean  square  of  a  transverse  (perpendicular  to  the  c-axis) 
fluctuating  local  field  produced  by  PCs  at  Cu(l)  sites. 
Having  now  the  Eq.(2)  in  a  standard  form  [11],  one  can 
explain  the  decrease  of  the  rate  1/Ti  at  high 
temperatures  as  a  result  of  shortening  of  the  time  Tc.  It 
was  shown  earlier  in  EPR  measurements  [12]  that 
impurity  rare-earth  ions  (Er  and  Yb)  in  YBCQess 
compound  are  subject  to  a  fluctuating  magnetic  field  of 
~16mT  from  copper  ions,  independent  of  the  sort  of 
rare-earth  ions  and  directed  predominantly  along  the  c- 
axis.  The  fluctuation  rate  of  this  field  at  T>6K  has  been 
found  to  increase  exponentially  with  temperature; 
W(s'')=3.510'°-exp(-25/T).  Since  the  relaxation  rates 
1/T|  of  Cu(l)  nuclei  do  not  depend  on  temperature  at 
4.2K^<10K,  in  the  following  we  assume  the 
fluctuation  rate  1/Tc  to  consist  of  the  temperature 
dependent  contribution  W  and  the  temperature- 
independent  term  W,,,  appeared  due  to  a  spin-spin 
interaction  of  PC-acceptors  with  each  other.  Thus,  using 
the  equation 

l/Ti=y^<ht^>To/(l+fflQ\^)  (3a) 

with  1/t<,=W+Wss,  (3b) 

we  can  describe  fairly  well  the  experimental  data  on  the 
"aged"  sample  YBCO6.5  at  the  following  values  of  the 
parameters: 

<h>''^=8.7mT,  W,s=4.4-10V'.  (4) 

It  is  seen  in  Fig.2  that  the  temperature  dependence 
of  the  Cu(l)  relaxation  in  the  "aged"  sample  at 
temperatures  aroimd  77K  is  somewhat  stronger  than 
that  corresponding  to  the  activation  energy  of  25K.  This 
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feature  appears  to  be  much  more  pronounced  in  the 
experimental  data  for  the  "as-quenched"  sample,  in 
which  case  the  best-fit  procedure  gives  the  following 
results  (upper  curve  in  Fig.2.): 

W(s''  )=3 . 5  •  10'  °exp(-25/T)+3 . 4  •  1 0’ '  exp(-77/T), 

<h>''^=24.1mT,  W«=5.4-10®s'.  (5) 

Summarizing  the  results  of  our  analysis,  given  in 
Eqs.(3)-(5),  we  have  to  notice  several  peculiar  facts. 

(a)  The  energy  splittings  of  25K  and  (77-25)»!50K 
support  the  idea  that  PCs  felt  by  Cu(l)  nuclei  are 
actually  copper-oxygen  paramagnetic  clusters  with  a 
half-integer  spin  S>5/2.  The  splitting  of  25-^77K  (2^7 
meV)  appear  to  be  similar  with  so-called  "energy  gaps" 
in  a  magnetic  excitation  spectra  of  oxygen-deficient 
YBCOs+x  [13]. 

(b)  The  "spin-spin  relaxation"  rate  W33  does  not  depend 
strongly  on  the  concentration  of  PCs,  whereas  the 
effective  fluctuating  field  <ht^>’^'^  at  Cu(l)  nuclei  in 
OrthoII  microdomains  in  the  "as-quenched"  sample  is 
almost  three  times  larger  than  that  in  the  "aged" 
sample.This  fact  supports  the  idea  [4]  that  PCs  are 
localized  outside  superconducting  microdomains.  Under 
the  assumption  that  PCs  felt  by  Cu(l)  nuclei  are  coupled 
by  a  purely  dipole-dipole  interaction,  one  can  use  the 
relation  Wss~S(S+l)g^PB^/r^/i  to  estimate  the  distance 
between  PCs.  Using  Wss=5'10V',  S=5/2,  and  g=2,  we 
find  r-SA,  i.e.  the  distanse  between  the  "filled"  CuO 
chains  in  OrthoII  phase.  This  may  mean  that  PCs  are 
localized  at  the  ends  of  the  "filled"  CuO  chain  fragments 
at  boundaries  of  OrthoII  microdomains. 

(c)  The  pre-exponential  factors  in  Eq.(5)  are 
approximately  two  orders  of  magnitude  larger  than 
those  for  rare-earth  ions  having  Stark  splittings  of 
~30K.  This  extremely  fast  spin-lattice  relaxation  also 
supports  the  idea  that  we  deal  with  clusters  formed  by  a 
very  strong  exchange  (superexchange)  interaction. 

5.  CONCLUSION 

The  Tm  and  Cu(l)  NSLR  data  suggest  that  oxygen 
deficient  1-2-3  superconductors  contain  three  types  of 
intrinsic  PCs,  those  are  with  half-integer  spins  S=l/2 
and  S>5/2,  and  with  an  integer  spin  S>1.  The  latter 
type  of  PCs  seems  to  be  the  most  intriguing  one,  since 
their  concentration  reaches  a  maximum  value  at  the 
“semiconductor-superconductor”  transition  (x=0.4)  and 
decreases  drastically  in  “good”  superconducting 
materials.  The  pentanuclear  copper  clusters  with  oxygen 
holes  localized  in  CUO2  planes  and  characterized  by  a 
total  spin  S=2  [14]  can  be  considered  as  plausible 
candidates  on  the  role  of  these  PCs. 
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We  report  on  the  electronic  Raman  scattering  in  YBa2Cu4  08  and  find  that,  in  contrast 
to  the  other  superconducting  cuprates,  the  continuum  in  the  normal  state  is  strongly  tem¬ 
perature  dependent  in  all  polarizations.  This  temperature  dependence  is  found  to  follow  a 
Bose-Einstein-like  form.  We  conclude  that  the  absence  of  the  Bose-Einstein  factor  in  the 
electronic  continuum  is  not  essential  to  high-Tc  superconductivity,  as  is  sometimes  implied. 
Additionally,  we  report  on  the  rearrangement  of  the  continuum  which  occurs  below  Tc. 

KEY  WORDS:  Electronic  Raman  Scattering,  Normal  State,  Non-Fermi  Liquid  behavior 


1.  INTRODUCTION 

The  electronic  Raman  scattering  continuum  ob¬ 
served  in  the  superconducting  cuprates  [1,2]  exhibits 
several  very  unusual  properties.  In  particular,  the 
unexpected  frequency  and  temperature  independence 
of  this  background  have  led  to  a  wealth  of  investi¬ 
gations,  both  experimental  and  theoretical,  into  its 
origins.  A  phenomenological  Marginal  Fermi  Liq¬ 
uid  (MFL)  model  was  proposed  by  Varma  [3],  who 
showed  that  a  wide  variety  of  the  anomalous  normal 
state  properties  could  be  understood  if  the  quasipar¬ 
ticle  scattering  rate  was  linearly  dependent  on  both 
frequency  and  temperature.  Virosztek  and  Ruvalds 
later  showed  that  this  result  could  be  obtained  from 
a  microscopic  point  of  view  [4];  within  their  Nested 
Fermi  Liquid  (NFL)  theory  the  electronic  scattering 
rate  is  given  by: 

=  a[w2  +  ^2y2ji/2  (J) 

where  a  and  /?  are  determined  by  the  ratio  of  the 
Hubbard  U  to  the  one-electron  bandwidth  and  P  is 
on  the  order  of  1 . 

Electronic  Raman  scattering  has  been  exten¬ 
sively  studied  in  doped  semiconductors  [5],  where, 
as  first  pointed  out  by  Platzmann  [6],  neutral  den¬ 
sity  fluctuations  involving  carriers  from  different  val¬ 
leys  lead  to  low-frequency  inelastic  scattering  of  light. 
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However,  it  was  found  that  the  experimental  results 
could  only  be  understood  if  non-F-conserving  elec¬ 
tronic  collisions  were  considered  [7].  In  this  case,  the 
Raman  scattering  efficiency  is  simply  given  by: 

0w0fi  “  +  r-2 

where  1-f  na;=[l  — exp(— is  the  Bose-Einstein 
factor,  T~^  the  electron  scattering  rate  and  B  is: 


(3) 


TtC* 

where  n  is  the  effective  mass  tensor  and  <>  indicates 
an  average  over  the  Fermi  surface. 

Combining  Eqs.  1  and  2  one  finds  in  the  limit¬ 
ing  cases  of  w/T  oo,  0  that  thus 

tending  to  a  constant  in  either  case.  Such  an  analysis 
has  been  used  extensively  to  explain  the  w,T  inde¬ 
pendence  of  the  electronic  continuum.  In  contrast 
to  the  large  number  of  cuprates  which  display  this 
behavior,  the  B2g  component  of  the  continuum  in 
Bi2Sr2CaCu208  exhibits  the  “usual”  Bose-Einstein- 
like  behavior  ris  the  temperature  is  decreased.  The 
origin  of  this  effect  is  not  at  all  understood  and, 
partly  for  this  reason,  we  decided  to  look  at  the  nor¬ 
mal  state  temperature  dependence  of  some  of  the 
other  cuprates.  We  will  report  here  our  recent  mea¬ 
surements  performed  on  YBa2Cu408  (124)  samples. 


2.  EXPERIMENTAL  TECHNIQUES  AND 
CRYSTAL  PREPARATION 

Single  crystals  of  the  124  superconductor  were 
grown  in  a  (BaO-CaO)-rich  flux  under  high  oxygen 
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pressure  (910  bar)  at  1380  K.  Details  of  the  growth 
process  are  published  elsewhere  [8,9].  In  contrast  to 
the  one-chain  compounds,  where  impurities  from  the 
crucible  occupy  Cu(I)  sites,  many  impurities  in  the 
two-chain  compound  124  replace  plane-Cu  ions  since 
the  double  chains  are  more  stable.  Therefore,  the 
plane  properties  (and  Tc)  are  more  susceptible  to  im¬ 
purities  in  124  [10].  Unlike  the  older  124  samples, 
grown  in  alumina  crucibles,  our  samples  were  grown 
in  1993  in  an  yttria  crucible.  The  critical  tempera¬ 
ture  of  these  samples  is  79.5  K,  which  is  comparable 
to  that  obtained  on  the  best  sintered  materials  and 
significantly  higher  than  that  obtained  in  the  older 
samples  (Tc  ~72  K). 

The  dimensions  of  the  samples  are  about 

1.5  mm  X  1  mm  x  80  pm;  the  same  samples  were 
used  previously  for  other  optical  measurements  [11]. 
The  as-grown  crystals  are  twin-free,  as  opposed  to 
YBa2Cu307  (123)  where  a  thermomechanical  detwin- 
ning  procedure  is  required. 

All  spectra  presented  here  were  taken  using  the 

514.5  nm  line  of  an  Ar"*"  laser  with  the  scattered 
light  collected  into  a  SPEX  Triplemate  spectrom¬ 
eter  equipped  with  a  Mepsicron  position-sensitive 
detector.  The  laser  spot  size  on  the  sample  was 
~25  pm.  The  power  was  kept  below  2  mW  and  at 
these  levels  we  were  unable  to  see  evidence  of  sam¬ 
ple  heating.  The  samples  were  mounted  on  the  cold 
finger  of  a  He  flow-through  UHV  cryostat  with  a 
base  pressure  (300  K)  better  than  ~10“^  Torr  in  a 
near-backscattering  geometry  (angle  of  incidence  ~ 
20").  In  this  conflguration  we  obtained  reproducible 
spectra  even  after  prolonged  periods  (days)  at  low  T. 

3.  RESULTS  AND  DISCUSSION 

The  Raman  spectra  of  124  have  been  thoroughly 
investigated;  we  refer  the  interested  reader  to  the  lit¬ 
erature  for  details  [12,13].  The  samples  mounted  in 
such  a  way  that  the  a,  b,  and  c  axes  corresponded  to 
the  x,y,  and  z  axes  of  the  lab.  As  all  measurements 
presented  here  were  made  with  the  light  polarized  in 
the  CuOz  planes  (i.e.  k  ||  c,z),  we  will  use  an  abbre¬ 
viated  Porto  notation  jk,  where  j  and  k  signify  the 
polarization  directions  of  the  incident  and  scattered 
light,  respectively,  for  the  polarization  configuration. 
The  x'  and  j/  directions  are  rotated  by  45"  about 
the  z  axis  with  respect  to  the  x  and  y  axes.  Since 
we  are  interested  in  the  electronic  background,  one 
must  be  careful  to  avoid  any  stray  light  and/or  lumi¬ 
nescence  from  the  sample,  cold  finger,  and/or  cryo¬ 
stat  windows.  We  found  that  all  of  the  phononic 
features  (frequencies  and  relative  intensities)  were  re¬ 


producible  at  different  points  on  each  sample,  thus 
indicating  the  homogeneity  and  untwinned  nature  of 
the  crystals.  However,  we  also  observed  considerable 
increases  in  the  intensity  of  the  continuum  towards 
high  frequencies  at  different  points  on  the  same  sam¬ 
ple.  These  differences  presumably  originate  from  lu¬ 
minescent  centers  at  the  sample  surface.  We  report 
here  only  spectra  which  display  the  flat,  frequency- 
independent  feature  characteristic  of  the  electronic 
scattering  in  the  HiTc  superconductors.  Such  spec¬ 
tra  were  reproduced  at  several  different  points  on  the 
same  sample  as  well  as  on  a  separate  sample  from  the 
same  batch. 


Fig.  1.  Absolute  Raman  scattering  efficiency  in  124  in 
5  different  polarization  configurations  at  300  K.  The  fre¬ 
quencies  of  Ag  phonons  are  given.  For  the  sake  of  clarity 
consecutive  offsets  of  0,1,.. .,4  X  2.5  10“*  cm“^  Sr“^  cm 
were  used  for  the  xy,x'y' ,...,yy  spectra,  respectively. 

In  Fig.  1  we  present  the  absolute  Raman  effi¬ 
ciency  for  124  at  300  K  in  5  polarization  configura¬ 
tions.  The  absolute  efficiencies  were  determined  by 
comparison  with  the  known  efficiencies  [14]  of  both 
Si  and  BaF2.  After  corrections  for  both  the  opti¬ 
cal  constants  [15]  and  the  instrumental  lineshape,  the 
results  obtained  based  on  the  BaF2  standard  were 
within  25%  of  that  found  with  the  Si  standard.  We 
present  the  results  obtained  from  the  Si  standard  in 
Table  I  below,  together  with  the  results  of  Krantz 
[16]  obtained  for  123.  A  comparison  with  the  values 
obtained  from  124  band  structure  calculations  is  not 
yet  possible,  but  we  note  that  our  experimental  re¬ 
sults  agree  well  (to  better  than  a  factor  of  2)  with 
the  calculations  performed  for  123  [16,17]  in  both  the 
absolute  value  and  polarization  dependence.  This  re¬ 
sult  seems  to  indicate  that  the  contribution  of  the 
second  chain  band  is  not  that  large.  A  more  detailed 
analysis  must  await  further  calculations  of  the  mass 
fluctuations  of  124  entering  into  Eq.  3. 

On  the  l.h.s.  of  Fig.  2  we  show  the  spectra 
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obtained  in  5  different  polarization  configurations  at 
300  K  (upper  curve,  dashed)  and  90  K  (lower  curve, 
solid).  The  spectra  are  displayed  up  to  1200  cm"*^  and 
were  corrected  for  spectrometer  response.  Their  most 
striking  feature  is  the  large  observed  temperature  de¬ 
pendence  of  the  continuum.  As  mentioned  above, 
previous  measurements  on  a  variety  of  cuprates  [1,13] 


0  800  0  800 
Frequency  [cm'*] 

Fig,  2.  The  Raman  scattering  efficiency  in  124  shown 
in  5  different  polarization  configurations  at  both  300  K 
(dashed)  and  90  K.  The  5  panels  on  the  left  hand  side 
of  the  figure  are  as  measured,  whereas  the  5  panels  on 
the  right  hand  side  have  been  corrected  with  the  Bose- 
Einstein  factor  1  +  n(w). 


have  indicated  that,  with  the  exception  of  the  xy  con¬ 
figuration  of  Bi2Sr2CaCu208,  the  background  is  prac¬ 
tically  temperature  independent.  For  124,  on  the  con¬ 
trary,  we  find  a  rather  strong  temperature  dependence 
below  ~500  cm“^.  Furthermore,  the  90  K  spectra 
can  be  seen  to  decrease  sharply  compared  with  those 
at  300  K  in  all  polarization  configurations.  Such  a 
I  feature  is  strongly  suggestive  of  the  need  to  correct 

for  the  Bose-Einstein  factor,  as  seen  in  Eq.  2.  The 
Bose-Einstein  corrected  spectra  are  displayed  in  the 
5  panels  on  the  right  hand  side  of  Fig.  2  and  the  agree¬ 
ment  between  the  two  sets  of  data  (90  and  300  K)  is 


excellent. 

We  emphasize  that  while  the  spectra  are  tem¬ 
perature  dependent  in  the  normal  state  of  124,  the 
very  broad,  nearly  frequency  independent  behavior 
of  the  continuum  found  in  all  cuprates  Wcis  also  ob¬ 
served  in  124.  This  feature  is  clearly  still  anomalous 
and  cannot  simply  be  described  within  a  Fermi  liquid 
approach.  However,  as  seen  from  Eqs.  1  and  2  our 
results  can  be  understood  within  the  NFL  if  /?  ^  1. 
As  of  yet,  we  do  not  understand  why  ^  appears  to 
differ  between  the  123  and  124  compounds. 

In  addition  to  the  clearly  Bose-Einstein-like  con¬ 
tinuum  in  124,  we  find  3  high-frequency  polarization- 
dependent  features  at  low  temperatures  which  have 
not  been  previously  observed.  These  features  can 
be  easily  seen  in  the  90K  yy  spectra  presented  in 
Fig.  2  and  are  observed  to  peak  near  826,  908,  and 
982  cm“^.  They  are  broad  compared  to  the  low  fre¬ 
quency  phonons  and  two  of  them  peak  at  frequencies 
very  close  to  twice  the  424  and  496  cm“  ^  phonon  fre¬ 
quencies,  with  the  third  seen  to  peak  near  the  sum 
of  these  two  frequencies.  In  particular,  since  the  Ag 
phonon  appearing  at  424  cm“^  in  the  300  K  spec¬ 
trum  of  Fig.  1  has  a  strongly  asymmetric  Fano  line- 
shape  (g  <  0),  the  observed  one-phonon  peak  ap¬ 
pears  lower  in  frequency  than  the  fitted  bare  phonon 
frequency  (in  this  case  the  difference  is  8  cm“^). 
At  90  K,  the  intensity  peak  occurs  at  421  cm“^ 
(w(bare,  90  K)  =  430  cm~^),  so  that  a  feature  at 
twice  this  frequency  would  peak  near  842  cm“^,  or 
about  16  cm“^  above  the  observed  maxima.  Note, 
however,  that  this  is  well  within  the  68  cm~^  width 
which,  in  the  case  of  two-phonon  spectra,  is  due  to 
the  phonon  dispersion.  If  the  3  high  frequency  fea¬ 
tures  originated  from  2  phonon  processes  we  would 
expect  features  near  842,  917,  and  992  cm“^,  in  good 
overall  agreement  with  the  observed  peaks  [18]. 

Finally,  we  present  the  spectra  obtained  on  124 
at  10  K,  in  the  superconducting  state.  In  order  to 
emphasize  the  redistribution  of  the  continuum  which 
occurs  below  Tc,  we  have  removed  the  contribution 
from  the  phonons  by  dividing  the  Bose  corrected  spec¬ 
tra  at  10  K  with  their  90  K  counterparts.  The  results 
are  displayed  in  Fig.  3.  These  ratios  are  proportional 
to  the  10  K  spectra  since  the  normal  state  spectra 
are  only  weakly  frequency  dependent.  However,  since 
the  phonon  parameters  are  somewhat  temperature 
dependent  in  this  range,  the  cancellation  is  not  com¬ 
plete  and  one  is  left  with  sharp  spikes  in  the  vicinity  of 
the  phonons.  Another  possibility  is  to  fit  the  phonons 
and  then  to  subtract  their  contribution.  However, 
since  the  phonons  interact  strongly  with  the  con- 
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tinuum  one  must  fit  this  coupled  phonon- continuum 
excitation  over  a  fairly  wide  range  and  we  have  found 


Frequency  [cm"^] 

Fig.  3.  The  ratio  of  the  10  and  90  K  spectra  in  124 
shown  in  5  different  polarization  configurations  normal¬ 
ized  to  the  absolute  scattering  efficiency.  Note  that  for 
the  sake  of  clarity  consecutive  offsets  of  0,1, •••,4  x  2.5 
10~*  cm”^  Sr”^  cm  were  used  for  the  xy,x'y' ,...,yy  spec¬ 
tra,  respectively. 

that  small  deviations  of  the  fit  from  the  data  produce 
large  spurious  features  in  the  resulting  spectra.  We 
have  tried  both  methods  on  each  spectrum,  and  in 
the  case  of  mutual  agreement  (e.g.  x'x'),  we  present 
the  data  obtained  by  fitting  the  phonons,  but  when 
discrepancies  result,  we  present  just  the  ratio  (e.g. 
yy).  In  either  case,  the  results  are  qualitatively  simi¬ 
lar  to  those  for  several  other  cuprate  superconductors 
[1].  In  particular,  no  sharp  cut-off  below  a  character¬ 
istic  gap  frequency  is  observed,  but  a  rather  broad 
polarization  dependent  maximum  is  found  together 
with  an  approximately  linear  decrease  down  to  zero 
frequency.  Furthermore,  as  seen  in  other  cuprates, 
the  symmetric  Ag  component  (yy)  peaks  near  the 
maximum  of  the  82^,  but  well  below  the  Bi^  com¬ 
ponent  [20,19].  This  will  be  analyzed  in  detail  in  a 
future  publication. 

4.  CONCLUSIONS 

We  have  presented  evidence  for  the  need  to 
correct  the  electronic  continuum  in  124  for  the  Bose 
factor,  in  contrast  to  most  of  the  other  cuprates.  This 
suggests  that  the  marginal  Fermi  Liquid,  introduced 
to  explain  the  lack  of  a  Bose  temperature  dependence 


in  the  Raman  continuum,  is  not  an  essential  compo¬ 
nent  of  the  mechanism  of  superconductivity. 

Table  I.  Absolute  room  temperature  Raman  efficien¬ 
cies  for  electronic  scattering  at  700  cm“^  in  124  with  a 
514.5  nm  laser  excitation.  These  results  were  based  on 
comparison  with  the  know  efficiency  of  Si  and  are  given 
in  units  of  10“®  cm~^  Sr“^  cm.  For  the  purposes  of  com¬ 
parison,  we  include  the  measured  results  [16]  for  123. 


Polarization 

e’s 

a'^s 

du/dCl 

124 

duida 

123“ 

yy 

10 

27 

x'x' 

7.0 

17 

XX 

5.8 

14 

x'y' 

4.2 

9.0 

xy 

1.7 

3.4 

a  Ref.  [16]. 
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A  tlieory  for  the  electronic  contribution  to  Raman  scattering  in  anisotropic  superconduct¬ 
ors  is  presented.  It  is  shown  that  Rarnan  scattering  can  provide  a  wealth  of  polarization- 
(syniinetry-)  dependent  information  which  probes  the  detailed  angular  dependence  of  the 
energy  gap.  Using  a  model  band  structure,  the  symmetry-dependent  Raman  spectra  are 
calculated  for  pairing  and  compared  to  the  data  taken  on  Bi2Sr2CaCu2  08.  Favor¬ 

able  agreement  with  the  symmetry-dependent  electronic  spectra  is  shown.  Further,  the  im¬ 
purity  dependence  of  theory  is  calculated,  which  provides  an  unique  test  of  dj;2_y2  pairing. 

KEY  WOR.DS:  Raman  scattering,  polarization  symmetry,  d— wave,  impurity  scattering. 


1.  INTRODUCTION 

The  electronic  Raman  spectra  of  the  cuprates  in 
the  superconducting  phase  siiows  a  remarkable  de¬ 
pendence  on  the  incident  and  scattered  irhotoii  polar¬ 
ization  vectors[l]-[6].  This  polarization  dependence, 
which  is  consistently  seen  in  all  tlie  cuprates  regard¬ 
less  of  the  presence  of  chains  and  the  number  of  CnOs 
planes,  has  been  recently  interpreted  as  evidence  for 
an  order  parameter  of  predominantly  sym¬ 

metry  [7].  The  key  to  the  polarization  dependence 
lies  in  the  coupling  of  the  screened  Raman  vertex 
(57(k)  =  7(k)  — (7(k)),  and  the  energy  gap  A(k).  The 
topology  of  the  nodes  of  eacli  of  t  he  fnnct  ion.s  Icad.s  to 
a  polarization  dependence  vvhicli  not  only  affects  the 
peak  positions  for  each  polarization  orientation,  but 
also  the  behavior  of  the  specl.i'a  for  small  freriiK'iicy 
shifts.  Defining  the  imaginary  part  of  the  Tsuneto 
function  as 

A"(k,u;)  =  0(w-  -  4  I  A(k)  |-)  t,anh(a-'/4T)  (1) 

y/:v2-4|A(k)  P’ 

the  screened  Raman  spectra  can  then  be  written  as 

W  I' A(k,c.O)"  (2) 

f  (^~7(k)A(k,u»))- 

I  (^(k,w))  i 
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where  //  denotes  taking  the  imaginary  part.  The  real 
parts  of  the  Tsuneto  function  can  be  obtained  from 
the  imaginary  part  via  a  Kramers  Kronig  transforma¬ 
tion.  The  second  term  of  Eq.  (2)  takes  into  account 
the  complete  screening  of  intevcell  charge  fluctuations 
so  that  only  anisotropic  charge  fluctuations  (intracell) 
remain.  This  is  the  expression  for  the  gauge  invariant 
Raman  response  which  has  Coulomb  screening  and 
the  Anderson-Bogoliubov  gauge  mode  taken  into  ac¬ 
count.  It  does  not  take  into  account  any  vertex  cor¬ 
rections  resulting  from  the  pairing  interaction  in  other 
channels  other  than  the  pairing  channel.  The  deriva¬ 
tion  and  consequences  of  the  above  expression  have 
been  put  fortli  in  Ref.  [7]. 


2.  RAMAN  VERTEX 


The  polarization  dependence  enters  through  the 
coupling  of  67(k)  and  the  energy  gap  A(k)  under  the 
Fermi  surface  averaging,  and  leads  to  subsequently 
different  frequency  dependent  Raman  spectra  for  each 
polarization  channel.  For  non-resonant  scattering, 
the  Raman  vertex  can  be  expressed  in  terms  of  the 
curvature  of  the  energy  band  dispersion  c(k), 


7{k)  =  mY^el 
cx,P 


,i 

dkadks 


(3) 


c  T 

where  denote  the  scattered  and  incident  polar¬ 
ization  light  vectors,  respectively,  which  select  ele¬ 
ments  of  the  Raman  tensor.  Thus  under  the  average, 
the  contribution  to  Raman  scattering  is  due  to  both 
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(1)  a  large  density  of  states,  and  (2)  large  curvature 
of  the  band  near  the  Fermi  level.  We  parameterize 
our  band  structure  via  the  standard  t  — /'  model  with 
lattice  constant  a, 

£(k)  =  —2t  [cos(fcj;a)  +  cos{kya)] 

+4t'  cos{kxa)  cos{kya).  (4) 

Here  t  and  t'  are  the  nearest  and  next  nearest  neigh¬ 
bor  hopping  parameters,  respectively.  This  is  the 
anti-bonding  band  derived  from  a  reduction  of  a  three 
band  model  which  gives  the  largest  contribution  to 
the  density  of  states  at  the  Fermi  level  for  the  cu|>rate 
systems  and  adequately  |■(qu■odu(■('s  i  lu'  obscrvi'd  pho¬ 
toemission  data[8]. 

Recently  it  has  been  suggested  that  llu'  presc'ina' 
of  another  band,  due  to,  e.g.,  another  CaiO-.)  plane  as 
in  Y  1:2:3,  can  lead  to  substantially  difl'erent  results 
than  the  case  for  a.  single  band[9].  This  is  in  con¬ 
flict  with  experiments,  since  the  details  of  the  num¬ 
ber  of  planes  and  chains  do  not  s<;em  to  affect  the 
observed  spectra[l]-  [6].  This  has  been  shown  the¬ 
oretically  in  Ref.  [10],  which  considers  rnultibancl 
scattering,  of  two  planes,  the  response  can  be  con¬ 
structed  from  the  real  sj.iace  wavefimctions  in  each 
plane,  labelled  by  |  1)  and  |  2),  for  planes  1  and  2. 
respectively.  Diagonalizing  the  Hamiltonian,  wc*  ar¬ 
rived  at  the  ±  bands,  defined  as  j  -|-)  =  -^[1  1)+  |  2)] 

and  I  -)  =  ;^[|  1)-  I  2)].  For  the  case  of  no  wave- 
function  overlap  between  plane  1  and  2,  thecombiiu'd 
response  can  be  written  as 

Ir  1 

Xll  +  X22  =  2^  +  ,+  +  \-,+  +  \+.-  + 

Ir 

+  2W+,-t  -  \-.+  ~  X-f,-  + 

=  X__  +  \  +  ,+  .  (5) 

and  the  respon.se  is  simply  additive.  If  an  overlap 
exists  between  planes  1  and  2,  then  .y+.-  musl.  be 
kept.  Nevertheless,  it’s  prefactor  is  smaller  than  the 
single  layer  terms  by  the  amplitude  for  creating  an 
electron-hole  pair  on  different  planes,  for  instance  via 
an  intermediate  state  such  as  the  bridging  oxygens. 
This  term  depends  on  the  difference  of  vertices  for 
bands  -|-  and  — ,  e.g. [10], 

X+,- ~  [7+ -  7-]"-  (6) 

Since  the  bands  {-b,  — }  are  nearly  degenerate  for  the 
double  layer  compounds,  again  this  leads  to  a.  small 


mixing  term.  Thus  the  full  response  is  well  approxi¬ 
mated  by  the  addition  of  the  intraband  scattering  in 
each  band,  in  agreement  with  experiments. 

3.  CALCULATIONS 

Using  a  gap,  A(k,T)  =  0.5Ao(T')[cos(fci,a)  — 
cos(kya)],  of  d^-j_y2  symmetry,  we  evaluated  the  av¬ 
erages  in  Eq.  (2)  numerically  using  a  Fermi  surface 
given  by  the  band  structure,  Eq.  (4).  Our  results  for 
the  channel  dependent  spectra  are  given  in  Fig.  (1), 
using  the  parameters  2f'/f  =  1.3  and  fi/2t  =  —0.5 
appropriate  for  dopings  wdiich  produce  the  highest 
T<,  values]  11].  We  have  also  performed  the  calcula¬ 
tions  for  a  Fermi  surface  which  is  more  square-like 
(fi/'2t  =  —0.2,  i'  =  0.1)  and  obtain  qualitatively  the 
same  results  shown  in  Fig.  (1).  We  immediately  .see 
that  the  spectra,  is  extremely  polarization  dependent, 
in  contrast  to  the  ca.se  of  isotropic  s-wave  supercon¬ 
ductors  which  is  dominated  by  the  square  root  diver¬ 
gence  at  the  threshold  in  each  channel.  We  see  that 
the  peak  in  the  Raman  spectra  lies  at  different  fre¬ 
quencies  LOpeak  ~  2Ao(T),  1.5Ao(T’)  and  1.25Ao(r) 
for  the  B\g,B2g  and  Ajj,  channels,  respectively.  The 
symmetry  dependence  is  also  manifest  in  the  low  fre¬ 
quency  behavior.  The  spectra  rise  slower  in  the  Big 
channel  (~  lo^)  than  the  Aig  or  B'lg  channels  (~  w). 
The  power-laws  are  insensitive  to  vertex  corrections 
and  arise  solely  due  to  topology  arguments.  The 
channel  dependence  of  the  exponents  are  unique  to 
a  pair  state.  The  symmetry  dependence  of 

the  spectra  is  a  direct  consequence  of  the  angular  av¬ 
eraging  which  couples  the  gap  and  Raman  vertex,  and 
leads  to  constructive  (destructive)  interference  under 
averaging  if  the  vertex  and  the  gap  have  the  same 
(different)  symmetry.  Thus  it  has  been  reasoned  that 
the  symmetry  which  shows  the  highest  peak  posi¬ 
tion  gives  an  unique  indication  of  the  predominant 
symmetry  of  the  gap  [7].  These  channel-dependent 
power  laws  and  relative  peak  positions  have  been  ob¬ 
served  in  the  electronic  contribution  to  Raman  scat¬ 
tering  in  Bi  2:2:1:2  [7,  3],  Y  1:2:3  [1],  T1  2:2:n-l:n  (for 
n  =  1,2,3)[4,  6,  5],  and  Sr  doped  La  2:1:4[2],  and  are 
strong  evidence  for  a  d-wave  gap  of  this  symmetry  as 
opposed  to  dxy,dxc  or  dy,  symmetry,  which  also  have 
nodes  on  lines  on  the  Fermi  surface  [7].  The  overall 
height  scales  with  the  hopping  parameter  t  for  the 
Big  and  Aig  channels,  and  with  t'  for  the  B2g  chan¬ 
nel.  Similar  results  earlier  obtained  via.  a  truncated 
Fermi  surface  harmonic  expansion [7]  validate  the  as- 
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sertion  that  the  shape  of  tlie  manifold  (Fermi  surface) 
has  only  a  minor  role  on  the  Raman  spectra.  The  line- 
shape  of  the  spectra  is  determined  by  the  topological 
nodal  structure  of  the  coupled  energy  gap  and  vertex. 


co/Ag 

Figure  1.  Theoretical  channel-dependent  Raman 
spectra  for  pairing. 

We  fit  the  data  taken  on  single  crystals  of  as  grown 
Bi2Sr2CaCu20s  (Tc  =  86A  )  olitained  in  Ref.  [3]  for 
all  symmetries  at  T  =  20 A',  where  a  subtraction  pro¬ 
cedure  has  been  employed  to  ascertain  the  sig¬ 
nal.  The  comparison  of  the  theory  with  experiment 
is  shown  in  Fig.  (2).  The  parameters  u.sed  to  obtain 
the  best  fit  to  the  spectrum  are  Aq  =  280  cm“*  and  a 
smearing  width  of  F/Aq  =  0.15.  We  see  immediately 
that  the  peak  positions  in  the  and  Aig  channels 
given  by  the  theory  automatically  agree  with  the  data 
once  the  Big  peak  is  fixed  by  setting  Ao,  and  the 
low  frequency  behavior  in  each  channel  is  consistent 
with  the  power  laws  predicted  by  the  theory.  Lastly, 
the  ratio  of  the  intensity  of  the  s|)ectra  in  different 
channels  is  consistent  with  magnitude  of  the  Raman 
vertex  derived  from  the  t  —  t'  band  structure[12].  All 
of  the  experimental  features  are  thus  consistent  with 
the  theory,  at  least  for  uj  <  1000  cm“A 

However,  like  other  correlation  functions,  only  [ 
A(k)  I  could  be  determined  from  the  fit,  and  thus 
it  could  not  be  ascertained  whether  the  gap  changed 
sign  around  the  Fermi  surface.  The  theory  also  fails 
to  predict  any  Raman  intensity  in  the  normal  stale 
due  to  phase  space  restrictions  (consequence  of  the 
limit  q  — ►  0). 

These  deficiencies  can  be  remedied  by  includ¬ 
ing  impurity  scattering[13].  Using  a  T— matrix  ap- 
proach[14],  the  results  of  the  theory  in  the  Born 


(c  >>  1)  and  unitary  (c  =  0)  limits  are  shown  in 
Figure  3.  The  impurity  scattering  smears  out  the 
sharp  features  of  the  spectra  (i.e.,  the  logarithmic  di¬ 
vergence  of  the  spectra  at  the  gap  edge  for  the  Big 
channel)  and  thus  can  in  part  account  for  the  broad¬ 
ening  seen  in  the  data  at  low  temperatures.  In  ad¬ 
dition,  the  anisotropy  of  the  peak  positions  is  main¬ 
tained  (unless  the  scattering  is  so  large  that  the  nor¬ 
mal  state  behavior  is  recovered),  supporting  that  the 
energy  gap  in  the  cuprates  is  predominantly  of 
.symmetry. 


Figure  2.  Comparison  with  the  data  on  Bi  2:2:1:2 
(from  Ref.  [3]).  Aig  phonons  have  been  subtracted. 

To  determine  further  whether  the  gap  is  entirely  of 
symmetry,  the  impurity  dependence  of  the  low 
frequency  behavior  of  the  channel  dependent  spec¬ 
tra  can  be  exploited.  From  Figure  3,  it  is  seen  that 
Born  impurity  scattering  yields  low  frequency  expo¬ 
nents  that  are  the  satne  as  for  clean  materials  (unless 
of  course  F  ~  Aq  and  the  normal  state  is  recovered). 
However,  in  the  unitary  ceise,  while  the  low  frequency 
behavior  remains  linear  in  frequency  in  the  Aig  and 
B^g  channels,  below  a  characteristic  frequency  w*  the 
behavior  changes  from  to  linear  in  w  for  the  Big 
channel.  This  is  due  to  a  nonzero  density  of  states  at 
the  Fermi  level,  which  allows  for  normal-state-like  be¬ 
havior  to  be  recovered  [15].  As  in  the  case  of  the  pen¬ 
etration  depth[16],  the  scale  w'  grows  with  increas¬ 
ing  impurity  concentrations.  However,  the  exponent 
is  symmetry  dependent  (remains  1  for  Aig  and  B2g 
channels,  while  decreases  from  3  to  1  for  the  Big  chan¬ 
nel,  which  is  unlike  the  penetration  depth).  This  is 
in  marked  contrast  to  the  impurity  dependence  of  the 
spectra  for  anisotropic  s-wave  gaps,  since  in  that  case. 
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the  exponents  for  all  channels  would  grow  as  the  gap 
becomes  more  isotropic  for  increased  impurity  scat¬ 
tering  [17].  Thus  the  impurity  dependence  can  be 
systematically  checked  to  determine  whether  the  gap 
has  accidental  or  intrinsic  zeroes,  or  more  generally, 
if  the  gap  is  anisotropic  s-wave  with  predominantly 
Big  symmetry,  or  if  it  is  symmetry. 


0  05  1  u  1  zs  z  is 
w/A 

Figure  3.  Impurity  dependence  of  the  theory  for  Born 
and  Unitary  scattering.  Inset:  Big  channel. 
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In  conclusion,  we  have  presented  a  theory  for  elec¬ 
tronic  Raman  scattering  in  both  clear  and  dirty  un¬ 
conventional  superconductors.  An  accurate  fit  to  the 
data  can  be  made  from  a  single-band  theory  using  a 
gap  of  symmetry. 
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In  spite  of  their  layered  crystal  structure,  the  new  class  of  intermetallic  borocarbide 
superconductors  (typified  by  LuNijBjC)  have  three-dimensional  conduction  with  aniso¬ 
tropy  being  a  minor  factor.  The  calculated  electron-phonon  coupling  constants  are 
consistent  with  a  picture  of  moderate-  to  strong-coupling  conventional 
superconductivity,  with  large  contributions  from  boron  vibrations.  We  report  several 
calculated  material  parameters  for  members  of  this  class  of  compoimds,  and  compare 
with  some  of  the  experimental  data. 
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1.  INTRODUCTION 

Discovery  of  superconductivity  at  temperatures 
as  high  as  Tj=23  K  in  a  new  class  of  compounds  [1,2] 
immediately  suggests  the  possibility  of  new  high 
temperature  superconductors  (HTS).  The  materials  in 
question  are  intermetallic  borocarbides  with  the 
general  form  RM^BjC,  where  R  is  a  rare  earth  atom 
and  M  is  one  of  the  late  transition  metal  elements  Ni, 
Pd,  or  Pt.  The  V2dues  of  T^  are  unexpectedly  high  for 
materials  based  on  Ni,  Pd,  and  Pt,  and  both  the 
possibility  of  magnetic  behavior  and  the  layered  crystal 
structures  [3]  are  reminiscent  of  the  cuprate  HTS. 

We  present  here  several  results  from  self- 
consistent  local-density-based  band  structure  studies 
and  compare  with  available  data.  The  materials  we 
have  studied  are  YPdjBjC  K),  LuNijBjC 

(T,=  16.6  K),  YNijB^C  (T.=  15.5  K),  and  LaNijB^C 
(Tj=ll  K).  The  picture  that  emerges  is  of  behavior 
that  is  distinctly  different  from  the  cuprate  HTS:  the 
electronic  properties  are  strongly  three-dimensional, 
and  the  active  bands  at  the  Fermi  level  involve  all 
atoms  in  the  structure.  Their  behavior  is  consistent 
with  conventional  strong  coupling  superconductivity, 
with  important  contributions  to  coupling  from  the 
boron  atoms.  The  present  evidence  indicates  that, 
while  these  are  unusually  interesting  new  materials, 
there  is  no  essential  new  physics  necessary  to 
understand  their  impressive  values  of  T^. 
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2.  CRYSTAL  STRUCTURE  AND  METHODS 

The  crystal  structure  of  this  class  of  materials 
was  first  reported  by  Siegrist  et  al.  for  LuNi^BjC  [3]. 
The  space  group  is  I4/mmm,  with  layers  of  Ni  atoms 
bonded  to  B  atoms  above  and  below  m  a  nearly 
perfect  tetrahedral  configuration.  These  B-Nij-B 
trilayers  may  be  considered  to  be  connected  by  C 
atoms  bridging  the  B  atoms  along  the  c  ans  of  the 
crystal,  since  the  B-C  distance  is  indicative  of  covalent 
bonding  between  these  atoms.  (We  return  to  this 
interpretation  below.)  The  Lu  atoms  lie  in  the  plane 
of  C  atoms,  in  fourfold  coordination.  The  crystal 
structure  is  determined  by  the  lattice  constants  a  and 
c  and  the  z-coordinate  (z^)  of  the  B  atom. 

Our  results  are  based  on  well  converged,  self- 
consistent,  general  potential  linearized  augmented 
planewave  calculations  [4].  A  local  orbital  extension 
was  used  to  treat  high  lying  extended  core  states  and 
the  Lu  f  states  [5].  Further  details  of  the  method  may 
be  found  in  Ref.  6. 

3.  ELECTRONIC  STRUCTURE  OF  LuNijBjC 

The  total  [N(E)]  and  atom-projected  densities 
of  states  (DOS)  are  shown  in  Fig.  1.  The  most  note¬ 
worthy  aspect  is  the  occurrence  of  a  strong  peak  in 
N(E)  at  the  Fermi  energy  Ep,  which  contains  a  major¬ 
ity  of  Ni  d  character  but  also  involves  contributions 
from  all  other  atoms.  This  peak  arises  from  a  flat 
band  in  a  region  around  the  (x/a,x'/a,0)  point  that,  as 
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noted  also  by  Mattheiss  [7],  does  not  have  any 
immediate  simple  interpretation  (such  as  the  Cu  d  -  O 
p  antibonding  a*  band  that  dominates  considerations  in 
cuprates).  It  may  be  of  particular  significance  that  this 
peak  involves  a  fraction  of  Ni  d  states  that  are  split 
away  from  the  main  Ni  d  complex  by  more  than  1  eV. 

In  attempting  to  understand  the  origin  of  this 
peak  in  N(E),  we  have  carried  out  a  series  of  calcula¬ 
tions  with  portions  of  the  structure:  (1)  an  isolated  Ni 
monolayer;  (2)  an  isolated  B-Nij-B  trilayer;  (3)  NijBj 
layers  connected  by  C  atoms,  i.e.  the  actual  structure 
without  Lu  present;  (4)  the  actual  structure  but  with  C 
missing  instead  of  Lu  as  in  (3).  Only  in  case  (4)  is 
there  a  splitting  off  of  Ni  d  states  from  the  main  d 
complex  that  is  reminiscent  of  the  structure  in  Fig.  1, 
and  even  then  the  shape  of  the  DOS  is  rather  different. 
This  series  of  calculations  indicates  that  not  only  are 
the  B  atoms  necessary  (obviously,  since  they  are  closely 
coordinated  with  Ni),  but  that  interactions  with  the  Lu 
d  states  are  instrumental  in  producing  the  peak.  In 
LuNijBj  the  peak  is  well  split  off  from  the  main  Ni  d 
DOS,  but  the  Fermi  level  does  not  lie  at  the  peak  until 
the  C  atom  is  included.  This  calculation  indicates  that 
C  is  an  electron  donor  in  this  compound. 


-0.8  -0.6  -0.4  -0.2  0  0.2  0.4 

E(Ry) 

Figure  1.  Total  (top)  and  atom-piojected  densities  of  states  of 
LuNijBjC.  The  dashed  vertical  line  denotes  the  Fermi  energy.  The 
peak  at  -0.35  Ry  is  due  to  Lu  Sf  states. 


The  calculated  density  of  states  N(Ef)  is  4.80 
states/eV-cell.  Since  this  value  is  60%  of  the  (very 
large)  value  for  paramagnetic  Ni  which  is  unstable  to 
ferromagnetism,  and  much  of  it  arises  from  Ni  d  char¬ 
acter,  there  is  a  real  possibility  of  magnetic  instability. 
We  have  performed  self-consistent  fixed  spin  moment 
calculations  that  establish  that  there  is  no  magnetic 
instability.  The  Stoner  enhancement  of  the  spin  sus¬ 
ceptibility  x/Xo**1-3±0.2  indicates  that  correlation 
effects  should  not  be  large. 

From  the  band  structure,  shown  in  Ref.  4,  it  is 
eyddent  that  the  electronic  properties  will  be  strongly 
three  dimensional  rather  than  quasi-two  dimensional  as 
might  have  been  expected  from  the  crystal  structure. 
Specifically,  there  are  two  distinct  pieces  of  Fermi 
surface  perpendicular  to  the  F-Z  (z  axis)  line,  and  the 
mean  Iq  dispersion  is  similar  to  that  in  the  Iq-k,,  plane. 
Calculation  of  the  r.m.s.  Fermi  velocities  bear  this  out: 
Vp^  =  Vp  j,  =  2.1x10’  cm/s,  and  Vp_j  is  equal  to  Vp^  to 
within  2%. 

The  variation  of  firom  its  r.m.s.  value  may 
be  important.  Of  the  three  bands  that  cross  Ep,  the 
lowest  and  highest  (which  contribute  79%  and  1%  to 
N(Ep)  respectively)  have  Vp_;j/Vp^= 0.75-0.80.  For  the 
middle  band  (20%  of  N(Ep))  the  z  component  is  the 
largest:  Vp^/Vp^=2.25.  This  variation  in  the  anisotropy 
may  lead  to  variation  m  the  energy  gap  over  the  Fermi 
surface,  which  is  known  to  enhance  T^.  [8] 

In  the  clean  limit  (mean  free  path  much 
greater  than  the  coherence  length),  which  these 
materials  appear  to  satisfy,  the  field  penetration  depth 
A  is  given  in  terms  of  the  Drude  plasma  frequency  0^ 
by  A  =  c/flj,.  For  LuNijBjC  we  obtain  Dp  =  5.1  eV,  A 
=  390  A.  Takagi  et  al.  [9]  have  used  critical  field  data 
to  infer  A  =  710  A.  These  two  distinct  estimates 
establish  the  order  of  magnitude  of  A  as  ~  500  A. 

4.  LaNijBjC,  YNi^BjC,  AND  YPdjBjC 

To  establish  the  trends  we  have  studied 
LaNijBjC,  YNijBjC,  and  YPdjBjC,  which  have  both 
lower  and  higher  values  of  T^,  11  K,  15.5  K,  and  23  K 
respectively.  The  characteristics  of  LaNijBjC  have 
been  presented  elsewhere.[10]  The  DOS  is  rather 
similar  to  that  of  LuNijBjC,  but  the  peak  in  N(E)  near 
Ep  is  broader  and  the  maximum  lies  0.5  eV  above  Ep. 
The  value  of  N(Ep)  is  only  52%  of  that  of  LuNijBjC, 
accounting  at  least  qualitatively  for  the  lower  T„. 

Our  calculated  photoemission  spectriun  for 
YNijBjC  has  been  compared  with  data.[ll]  The  strong 
Fermi  edge,  the  occurrence  of  a  shoulder  just  below  Ep 
and  a  strong  peak  at  -1.7  eV  binding  energy  are 
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similar  to  the  data,  but  this  peak  binding  energy  is 
overestimated  by  0.25  eV,  suggesting  some  band 
narrowing  by  electronic  interactions. 

Since  we  are  not  aware  of  any  determination 
for  YPdjB^C  of  the  internal  coordinate  Zg  giving  the  B 
atom  position,  we  have  determined  it  by  energy  mini¬ 
mization,  obtaining  2^= 0.3640.  This  corresponds  to  a 
B-C  bond  length  of  1.470  A,  almost  identical  to  the 
value  (1.466  A)  in  LuNijBjC,  and  close  to  the  values 
for  two  samples  of  YNijBjC  (1.476  A,  1.486  A) 
reported  by  Chakoumakos  and  Paranthaman  [12]. 
Along  with  the  high  frequency  of  the  B-C  stretching 
mode  (see  below),  this  regularity  suggests  that  the  B-C 
distance  may  be  one  of  the  most  ri^d  in  this  structiue. 

In  YPd2B2C  the  flat  band  that  gives  rise  to  the 
peak  very  near  Ep  in  LuNi2B2C  lies  0.35  eV  above  Ep. 
This  band  is  a  combination  of  strong  Pd  (resp.  Ni)  d 
character,  with  B  p  and  Y  (resp.  Lu)  d  character,  and 
a  small  amount  of  C  character.  It  would  be  simplest 
to  be  able  to  accoimt  for  the  variation  in  T^  in  terms  of 
the  value  of  N(Ep);  indeed  LuNi2B2C  and  LaPt2B2C 
follow  the  correct  behavior.  However,  we  calculate 
YPd2B2C  to  have  N(Ep)=3.57  states/eV-cell,  25% 
smaller  than  for  LuNi2B2C,  whereas  T^  is  larger. 

One  possibility  for  reconciling  this  result  is 
that  the  borocarbides  are  not  stoichiometric,  so  our 
calculations  for  stoichiometric  compounds  are  not 
directly  applicable.  If  the  materials  are  very  near 
stoichiometry,  then  a  change  in  the  character  of  the 
electron-phonon  coupling  or  a  substantial  change  in  the 
important  phonon  frequencies  is  required  to  account 
for  T,=23  K  in  YPd2B2C. 

5.  BORON  VIBRATIONS 

By  calculating  the  total  energy  while  varying 
the  internal  coordinate  z^  of  the  B  atom,  we  predict 
the  equilibrium  position  of  the  B  atom  and  its  vibra¬ 
tional  frequency.  The  energy  surface  E(zb)  and  the 
force  on  the  B  atom  F(zb)  are  shown  in  Fig.  2.  The 
predicted  position  is  within  0.025  A  of  that  obtained 
from  x-ray  data  [3].  The  displacement  corresponds 
precisely  to  an  Raman-active  eigenmode  of  the 
lattice,  with  calculated  frequency  of  848  cm  *. 

The  rms  displacement  for  the  B  atom  in  this 
mode  is  u„„,= 0.043  A.  Anharmonicity  (lack  of  sym¬ 
metry  of  the  energy  curve,  non-linearity  of  the  force) 
is  visible  on  this  scale  in  Fig.  2;  however,  it  is  primarily 
cubic  anharmonicity  and  does  not  have  a  great  effect 
on  the  frequency  (the  calculated  harmonic  frequency  is 
~9  cm'  higher).  Given  that  this  displacement 
corresponds  directly  to  the  stretching  of  the  B-C  bonds 


Boron  Position  (A) 

Figure  2.  The  crystal  energy  (solid  curve)  and  the  calculated  force 
on  the  boron  atom  (dashed  curve)  versus  the  B  height.  The  lines 
are  simply  spline  curves  through  the  calculated  values.  The  anhar¬ 
monicity  is  visible  as  non-parabolic  (resp.  non-linear)  variation.  The 
anharmonicity  is  primarily  cubic  and  lowers  the  frequency  by  only 
1%  from  the  harmonic  value. 

(and  bending  of  B-Ni  bonds,  of  course),  and  the  B-C 
separation  is  typical  of  covalent  bonding,  this  rather 
high  frequency  is  not  unexpected. 

Hadjiev  et  al.  [13]  have  recently  reported  the 
identification  by  Raman  scattering  of  the  four 
modes  in  YNi2B2C,  which  is  isostructural  with 
LuNi2B2C  and  should  be  expected  to  have  a  very 
similar  B  vibrational  frequency.  They  report  a>=832 
cm  '  for  the  highest  mode,  within  2%  of  our  calculated 
value. 

6.  ELECTRON-PHONON  COUPLING 

The  large  value  of  N(Ep)  and  an  isotropic 
electronic  structure,  corresponding  to  good  three- 
dimensional  screening,  suggests  that  a  rigid-atom 
picture  of  electron-phonon  coupling  should  be  realistic. 
We  have  applied  the  Gaspari-Gyorffy  [14]  ("rigid 
muffin-tin")  model  to  LuNi2B2C;  some  details  have 
been  presented  elsewhere.[4]  The  contribution  of  each 
atom  (j)  to  the  coupling  is  given  by  q=rjj/Mj,  where  fj 
is  a  mean  squared  electron-ion  scattering  matrix 
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element  at  the  Fermi  surface,  and  M  is  the  mass.  The 
contributions  Cj  are  about  20%,  50%,  and  30%  of  the 
total  value  of  (31.3  meV)^  for  Ni,  B,  and  C, 
respectively,  indicating  the  light  atoms  contribute  80% 
of  the  electron-phonon  coupling. 

This  conclusion  has  been  supported  by  two 
more  developments.  Lawrie  and  Franck  [15]  have 
reported  a  strong  isotope  dependence  of  T^  for 
YM^C  for  both  M=Ni  and  M=Pd,  aB=0.27±0.1, 
reflecting  strong  coupling  of  B  vibrations  to  the 
carriers.  Mattheiss,  Siegrist,  and  Cava  [16]  have  noted 
the  strong  dependence  of  the  position  of  a  Ni-B-C  sp 
band  in  LuNijBjC  upon  the  B  position  z^,  which 
translates  into  strong  coupling  of  the  B  atom.  The 
movement  of  this  band  influences  the  position  of  Ep 
with  respect  to  the  flat  band,  thereby  introducing  B 
coupling  with  the  high  DOS  peak. 

7.  La,NijB^„  A  RELATED  SUPERCONDUCTOR 

The  discovery  of  superconductivity  at  12  K  in 
LajNijBjNj  [17],  which  has  the  same  BNijB  trilayers 
but  separated  by  three  LaN  layers,  suggests  a  much 
more  anisotropic  (or  possibly  quasi-2D)  material. 
Since  the  internal  coordinates  were  not  reported  in  the 
original  report  [17],  they  were  determined  by  energy 
minimization.  Our  predictions  [18]  differ  substantially 
from  analysis  of  electron  diffraction  data.[19]  Our 
calculations  [18]  support  a  three  dimensional  picture  of 
conduction  in  t^  compound.  The  r.m.s  Fermi  veloc¬ 
ities  are  Vf^= 2.92x10’  cm/s,  Vf^=  1.48x10’  cm/s,  i.c.  a 
2:1  ratio.  Of  the  four  bands  that  cross  Ep,  two  have 
large  Fermi  surface  areas  perpendicular  to  the  c  axis, 
so  the  resulting  electronic  structure  is  not  in  any  sense 
two  dimensional.  The  DOS  peak  near  Ep  is  similar  to 
the  borocaibides,  and  N(Ep)  =  4.2  states/eV-cell; 
comparing  with  LuNijBjC  (above)  leads  to  the  conclu¬ 
sion  that  their  relative  values  of  T,  can  be  rationalized 
in  terms  of  N(Ep)  alone.  This  boronitride  material 
seems  to  very  similar  to  the  borocarbides. 

8.  SUMMARY 

The  evidence  at  this  time  indicates  that  this 
new  class  of  metals  gives  rise  to  conventional  high 
DOS,  stronglyphonon-coupled  superconductivity  rather 
than  a  novel  type.  The  materials  themselves  are  novel, 
however,  and  it  would  not  have  been  possible  to  guess 
that  they  would  be  impressive  superconductors  based 
on  their  composition  and  crystal  structure  alone. 
Deciding  if  these  materials  can  be  completely 
understood  in  terms  of  conventional  theory  requires 


carrying  out  a  careful  comparision  of  experimental  data 
with  calculated  characteristics.  This  process  is  well 
underway,  and  some  of  the  early  results  have  been 
reported  here. 
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The  electron-phonon  vertex  part  A  is  investigated  as  a  function  of  real  frequencies  in  a 
narrow-band  electron  system  coupled  with  local  phonons.  Even  though  the  bare  electron- 
phonon  coupling  is  not  very  strong,  A  is  found  to  diverge  at  some  characteristic  frequencies 
uii.  The  divergence  induces  the  vanishment  of  the  electron  Green’s  function  at  Qi.  This 
phenomenon  can  be  interpreted  as  the  locking  of  an  electron  by  such  local  phonons.  By 
including  this  effect  in  the  theory  of  superconductivity,  we  suggest  an  anomalous  behavior 
in  the  tunneling  spectroscopy. 

KEY  WORDS:  Vertex  corrections;  strong  coupling;  locking  effect;  tunneling. 

1.  INTRODUCTION  to  or  smaller  than  ujo-  In  a  recent  paper  [3],  a  theory 

was  presented  to  evaluate  with  those  corrections 
The  intramolecular  high-frequency  (~  0.2eV)  up  to  infinite  order.  An  enhancement  of  Tc  due  to 

phonon  modes  are  believed  to  bring  about  supercon-  the  effect  was  discussed  in  the  paper,  but  no  clear 

ductivity  with  Tc  in  the  range  20-30K  in  the  alkali-  physical  picture  was  given  about  a  qualitative  differ- 

metaJ-doped  Ceo  [I]-  This  belief  is  based  upon  the  ence  between  theories  with  and  without  vertex  correc- 

crude  estimates  of  To  in  the  conventional  Migdal-  tions.  In  this  paper,  we  shall  discuss  A  along  with  the 

Eliashberg  (ME)  theory  for  superconductivity  [2]  electronic  self-energy  as  a  function  of  real  firequencies 

in  which  all  the  vertex  corrections  to  the  electron-  w  so  as  to  suggest  a  hint  to  establish  experimentally 

phonon  coupling  are  neglected.  In  the  fullerene,  how-  the  importance  of  this  function  in  an  electron-phonon 

ever,  the  neglect  of  those  corrections  cannot  be  justi-  system, 

fied,  because  its  conduction  electrons  have  the  Fermi 

energy  ep  of  only  0.2eV  which  is  comparable  with  the  2.  EXACT  RESULTS  IN  THE  ANTIADIA- 

energy  wo  of  phonons  in  question.  Thus,  in  order  to  BATIC  LIMIT 

confirm  the  mechanism  of  superconductivity  in  this 

material,  we  need  to  make  a  further  development  of  We  shall  deal  with  a  system  of  electrons  hopping 

theories  for  superconductivity,  in  particular,  for  the  around  in  a  crystal  composed  of  molecular  units,  each 
vertex  function  A.  of  which  provides  an  intramolecular  high-energy  op¬ 

tic  phonon  coupled  strongly  to  the  electrons.  We  as- 
Basically,  h/ep  represents  the  average  time  for  sume  that  both  the  energy  of  the  phonon  ujo  and  the 

stay  of  an  electron  at  a  molecular  site  at  which  the  electron- phonon  coupling  constant  g  are  independent 

electron  exerts  a  force  on  the  ions  in  the  molecule  to  of  wave  vectors.  Employing  u)q  as  units  for  energies, 

produce  local  phonons.  If  the  time  is  very  small  com-  we  can  write  the  Hamiltonian  of  the  system  as 

pared  to  h/uJo  which  gives  a  time  scale  for  the  motions 

of  ions,  the  electron  does  not  feel  any  reactions  from  H  =  ^  (ej^  ~  m)  +  U  ^ 

the  actual  displacement  of  the  ions.  This  indicates  > 

that  we  need  not  consider  such  reactions,  or  the  ver-  „  -[■  „  /  -j-N 

tex  corrections,  in  the  case  of  ep  ^  wo,  as  Migdal  +  ®i  j  >  (1) 

pointed  out  many  years  ago.  However,  we  must  in-  * 

elude  those  reactions  for  the  case  of  ep  comparable  + 

_  with  niff  =  Cj,^Cicr,  where  Ci(j  denotes  the  annihilation 

It  r  c  vj  .  TTu  •  r,  •  t  rr, ,  .,r.,TT  oporator  of  an  eloctTOn  with  spm  (T  at  z  sfro,  Ci,„  is  frs 

^Institute  for  SoLd  State  Physics,  University  of  Tokyo,  7-22-1  tt  .  ,  r  .  i  .  ,  , 

„  ......  rr,  .  ,  I ourier  transform,  eu  IS  the  Single-electron  energy,  u 

Roppongi,  Mmato-ku,  Tokyo  106,  Japan.  ’a  t> 

429 

0896-n07/95/0800-0429$07.50/0  ©  1995  Plenum  Publishing  Corporation 


430 


Takada 


is  the  chemical  potential,  and  U  is  the  intramolecu¬ 
lar  Coulomb  repulsion  between  electrons.  The  non- 
dimensional  electron-phonon  coupling  constant  a  is 
related  to  g  through  a  =  g"^ /2MijjQ  with  the  reduced 
mass  of  ions  M. 


Let  us  consider  the  antiadiabatic  case  for  the 
time  being.  By  antiadiabatic  we  mean  that  the  band 
width  W  determined  by  is  negligibly  small  com¬ 
pared  to  Wo-  In  this  limit,  the  problem  is  reduced 
to  that  in  one  molecular  site  and  it  can  be  solved 
exactly  by  the  canonical  transformation  due  to  Lang 
and  Firsov  [4].  We  note  that  all  the  quantities  such 
as  the  retarded  electron  Green’s  function  depend 
only  on  the  frequency  variable  w  in  this  case.  The 
result  for  G^(w)  is  given  by 


(L)' 


Aju:') 

W  +  27?  —  W'  ’ 


(2) 


with  an  infinitesimally  small  positive  quantity  g  and 
the  spectral  function  A{uj),  obtained  as 


00  £ 

A{uj)  =  e~°‘Y^^[fo{iJ.  +  a)6{u}-i  +  ij.  +  a) 

i=0 

T/i  (m  T  oi)6{uj  —  i  -i-  g,  —  U  -I-  Sn) 

T/i(m  T  q:)(5(w  i  g  q.) 

Af2{g  T  Ck)<5(w  1  g  —  U  +  Set)] ,  (3) 

where  represents  the  probability  of  occupation  by 
n  electrons,  given  as 


/o(a;) 


l-h2e^'  +e — ^ 


-1 


(4) 


/i(w)  =  /o(w),  (5) 

and 

=  foiu,),  (6) 

at  the  temperature  T.  We  can  determine  g  by  speci¬ 
fying  the  electron  number  per  spin  and  site,  (n). 


We  have  examined  A{ijS)  in  various  cases  of  a, 
U,  and  (n).  As  anticipated  from  the  outset,  the  cases 
of  f/  <  2a  and  U  >  2a  correspond,  respectively,  to 
the  charge-  and  spin-density- wave  states  and  thus  the 
delta-function  peak  in  A(w)  does  not  come  to  the 
Fermi  level,  w  =  0.  This  implies  that  we  cannot  ex¬ 
pect  metallic  behaviors,  not  to  mention  superconduc¬ 
tivity,  even  if  we  include  the  hopping  effect  through 
ejj  to  make  the  width  of  the  density-of-states  finite. 
Thus  in  this  paper,  we  confine  ourselves  to  the  case  of 


U  —  2a.  With  this  choice,  the  effect  of  the  Coulomb 
repulsion  does  not  appear  explicitly,  but  it  plays  an 
important  role  in  keeping  the  system  away  from  the 
charge-  and  spin-density- wave  states. 


At  half-fillig,  i.e.,  (n)  =  1/2,  g  is  determined 
to  be  —a  and  the  electronic  self-energy  E^(w)  is  ob¬ 
tained  as 


7(w  -t-  ig) 


(7) 


with  the  renormalization  function  2'^(w)  and  a  func¬ 
tion  7(w),  defined  by 


OO  I  2 

r=i 

We  find  that  E^(w)  or  equivalently  Z^{iJ)  diverges 
at  the  zeros  of  7(0;)  which  will  be  denoted  by  w/.  The 
electron-phonon  vertex  function  A(w,w')  is  obtained 
as 

(9) 

U)  —  U)' 

for  w  u' .  For  lj  =  to',  A  is  given  in  a  similar  but  a 
little  different  form  as  obtained  through  the  derivative 
of  the  self-energy  with  respect  to  g.  Equation  (9) 
indicates  clearly  that  A  also  diverges  at  ujt.  We  note 
that  Wf  behaves  as 


Ll>£ 


a 


2 


(10) 


with  i  —  1,2, 3,- ••  for  small  a,  but  ui  approaches 
{£  —  1)  quickly  with  the  increase  of  a. 


Physically,  A(w,w')  describes  the  effective  cou¬ 
pling  of  an  electron  with  local  phonons  for  the  process 
of  the  initial  electron  state  with  frequency  w  scattered 
into  the  state  with  frequency  w'.  The  divergence  in 
A  implies  that  a  complete  locking  of  an  electron  by 
phonons  occurs.  Due  to  this  locking,  the  electron 
loses  its  original  properties  completely,  as  suggested 
by  the  zero  lifetime  which  can  be  deduced  from  the 
divergence  at  w  =  in  ImS^(a;).  However,  this  ef¬ 
fect  is  not  easy  to  observe  experimentally,  because 
this  does  not  correspond  to  the  divergence  in  G^(w) 
but  to  the  zeros  of  G^{uj). 


3.  SUPERCONDUCTIVITY  IN  NARROW- 
BAND  SYSTEMS 
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Inclusion  of  the  hopping  effect  by  is  abso¬ 
lutely  necessary  to  discuss  superconductivity,  but  the 
Lang-Firsov  transformation  does  not  provide  exact 
solutions  in  this  case.  Thus  the  merit  to  adopt  this 
method  is  lost.  In  addition,  the  method  has  a  de¬ 
merit  that  it  cannot  make  a  direct  connection  to  the 
conventional  strong-coupling  theory  for  superconduc¬ 
tivity.  In  view  of  this  situation,  we  shall  employ  the 
gauge-invariant  self-consistent  (CISC)  method  in  or¬ 
der  to  discuss  the  electron-phonon  locking  effect  and 
its  implications  to  superconductivity  in  the  case  of 
a  finite  bandwidth  W.  As  for  CISC,  we  shall  give 
the  following  comments  in  order:  Basically,  CISC  is 
a  theory  to  extend  ME  by  the  inclusion  of  A.  Its  first 
version  was  presented  in  Ref.  [3]  and  quite  recently  a 
firm  basis  of  the  method  has  been  constructed  [5]  as 
an  extension  of  the  Baym-Kadanoff’s  conserving  ap¬ 
proximations  [6] .  The  check  of  GISC  in  the  antiadia- 
batic  limit  has  also  been  done  [7] .  This  check  suggests 
that  we  need  a  modification  of  the  original  GISC  by 
using  the  derivative  of  the  self-energy  with  respect  to 
H  for  A(a;,  w)  to  obtain  the  exact  results.  At  the  same 
time,  it  shows  that  even  if  A(u;,tj)  is  evaluated  by  the 
limit  of  w'  — »  w  in  Eq.  (9)  as  prescribed  in  Ref.  [8], 
we  obtain  qualitatively  correct  results  for  both  E  and 
A.  Therefore,  GISC  in  the  version  of  Ref.  [8]  seems  to 
be  good  enough  to  discuss  qualitative  features  of  the 
locking  effect.  Due  to  the  limited  space  alloted  to  this 
paper,  we  shall  not  reiterate  the  formulation  of  GISC 
given  in  Ref.  [8],  but  we  employ  it  to  calculate 
in  both  normal  and  superconducting  states  and  the 
superconducting  gap  function  A^(a;)  at  T  sa  0. 

In  Fig.  1,  we  show  Z^{ijj)  in  the  normal  state 
with  and  without  the  vertex  corrections  for  the  case 
of  the  half-filling  in  the  square  density-of-states  with 
VF  =  cjo  and  the  conventional  electron-phonon  cou¬ 
pling  constant  A  =  2.  Note  that  the  so-called  Eliash- 
berg  function  Q^F(f2)  is  assumed  to  be 


always  taken  to  be  unity  in  the  approximation. 


Lj  (units  of  uo) 


ui  (units  of  u>t)) 


Fig.  1.  Renormalization  function  in  the  normal  state  as  a  func¬ 
tion  of  u  in  units  of  the  Einstein  phonon  energy  aiQ  (a)  without 
and  (b)  with  the  vertex  corrections.  The  solid  and  dashed 
curves  correspond,  respectively,  to  KeZ  and  ImZ.  The  case  of 
A  =  2  and  the  half-filling  in  the  square  density-of  states  with 
VF  =  is  considered. 


Q2F(D)  =  A^^(fI-a;o),  (H) 

and  A  is  related  to  a  in  Eq.  (1)  through  A  =  2ljoO:/W. 
In  ME,  ReZ^(u;)  diverges  logarithmically,  reflecting 
the  step-function  feature  at  the  edge  of  the  density-of- 
states,  but  in  GISC,  behaves  in  a  quite  differ¬ 

ent  way:  Both  ReZ^(a;)  and  lmZ^{u})  diverge  at  the 
locking  energy  d)/  which  is  a  little  smaller  than  iujo, 
as  has  been  suggested  by  the  exact  results  in  Sec.  2. 
ME  fails  to  account  for  this  behavior,  because  A  is 


Similarly,  we  can  discuss  the  superconducting 
state.  Quantitatively,  we  cannot  find  a  large  discrep¬ 
ancy  between  ME  and  GISC  in  the  present  version 
for  such  quantities  as  Tc  For  example,  k^Tc  is  ob¬ 
tained  as  0.125u;o  in  ME  and  0.164wo  in  GISC  for  the 
case  treated  in  Fig.  1.  The  ratio  of  the  gap  at  T  =  0 
to  A:bTc,  2Ao//:bTc,  is  given  by  4.96  in  ME  and  5.58 
in  GISC.  However,  the  qualitative  feature  of  Z^{ijj) 
and  A^(a;)  as  a  function  of  u  is  quite  different.  In 
Fig.  2,  in  GISC  is  plotted  at  T  »  0  for  the 

same  parameters  as  employed  in  Fig.  1.  As  in  Z^{ij}), 
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divergence  due  to  the  electron-phonon  locking  effect 
also  appears  in  A^(a;),  though  the  locking  energy  is 
shifted  to  higher  energy  than  that  in  Z^(u}). 


Pig.  2.  Gap  function  at  fcgT  =  O.OOIu/q  as  a  function  of  t»»  in 
units  of  the  Einstein  phonon  energy  uiq  in  GISC  in  the  version 
of  Ref.  [8]  for  the  same  situation  as  in  Fig.  1.  The  solid  and 
dashed  curves  correspond,  respectively,  to  ReA  and  ImA. 

Such  a  divergence  in  may  be  observed 

by  the  tunneling  spectroscopy,  because  the  experi¬ 
ment  measures  essentially  the  quasi-particle  density- 
of-states,  given  by 


the  system  treated  in  this  paper  is  fairly  ideal,  we  may 
need  to  consider  the  effects  such  as  the  broadening  of 
the  phonon  energy,  impurities,  and  so  on  in  actual 
situations.  However,  I  believe  that  this  effect  should 
be  investigated  experimentally. 


Pig.  3.  Quantity  defined  in  Eq.  (12)  as  a  function  of  w  in  units 
of  a>o.  This  quantity  is  related  to  the  quasi-particle  density- 
of-states  and  may  be  observed  directly  in  the  tunnebng  spec¬ 
troscopy.  We  consider  the  same  parameters  as  those  in  Figs.  1 
and  2. 


Re 


(jj 

-  A«(a;)^ 


(12) 


In  Fig.  3,  we  show  an  example  of  the  calculated  re¬ 
sults  for  the  quantity  in  Eq.  (12)  as  a  function  of  cu. 
Note  that  the  vanishment  of  this  quantity  for  0  <  tu  < 
Ao  followed  by  the  inverse  square-root  divergence  is 
the  well-known  BCS  behavior.  The  new  feature  ap¬ 
pears  for  u  around  the  energy  of  the  electron- phonon 
locking  effect:  The  quasi-particle  density-of-states  di¬ 
verges  first  and  then  vanishes  completely.  This  is  re¬ 
lated  to  the  trapping  of  electrons  by  local  phonons 
or  the  absence  of  the  tunneling  current  due  to  the 
locking  at  those  values  of  uj. 


4.  CONCLUSION  AND  DISCUSSION 


We  have  pointed  out  the  electron-phonon  dy¬ 
namical  locking  effect  due  to  the  divergence  in  the 
electron-phonon  vertex  function  in  the  narrow-band 
systems.  We  have  also  suggested  that  such  an  effect 
may  be  observed  in  the  tunneling  spectroscopy.  Since 
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Different  types  of  band  structure  approaches  for  a  description  of  electrons  in  systems  with 
strong  correlations  are  discussed.  It  is  shown  that  all  methods  considered  give  different 
electron  energy  dispersions  and  Fermi  surfaces.  The  good  agreement  between  measured 
Fermi  surfaces  and  those  calculated  by  LDA  shows  that  the  spatial  dispersion  of  the 
correlation  interaction  is  not  so  important  in  HTSC  systems.  The  same  conclusion  can  be 
obtained  from  the  optical  and  photoemission  spectra.  It  is  shown  that  the  most  important 
contribution  beyond  a  band  structure  approach  is  given  by  an  energy  dependence  of  the 
electron  self-energy.  The  most  likely  interaction  responsible  for  this  energy  dependence  is 

the  electron-phonon  one.  Evidences  about  this  fact  are  given. _ 

KEY  WORDS:  Electron-phonon  interaction;  band  structures. 


The  usually  used  band  structure  (BS)  approach 
to  electron  systems  is  based  on  density  functional 
theory  (DFT).  Hohenberg  and  Kohn  introduced  [1] 
this  method  and  proved  that  the  ground  state  energy 
E  of  an  electron  system  is  an  unequivocal  functional 
of  the  electron  density  n(r)  and  E  has  a  minimum 
with  respect  to  variations  in  n(r) 


6E{n(r]} 

Sn(r) 


=  0 


(1) 


Kohn  and  Sham  suggested  [2]  a  technique  for  a  prac¬ 
tical  treatment  of  this  method.  They  introduced  for 
the  ground  state  energy  an  expression  of  the  form 


E  =  T, 


-b  j  d^rn{r)V,^t{r) 


(2) 


+  /  f  (3) 

J  J  ri  -  T-2| 

Here  T,  is  the  kinetic  energy  of  a  noninteracting  elec¬ 
tron  gas  of  density  n(r),  V^xt  is  the  external  po¬ 
tential,  and  Eex  is  the  exchange-correlation  energy. 
They  used  an  eigenfunction  description  of  T, 


^P.N. Lebedev  Physical  Institute,  Moscow,  Russia 


T,  =  -l/2m  /  (4) 

■'  i 

It  allows  the  Schrodinger-type  equation  for  the  eigen¬ 
functions  i>j{r)  to  be  obtained  from  the  minimum 
condition  (1) 

(-|^+Vext(r)  +  V„(rH  (5) 

Vxc{r)  -  fJ-)tpjir)  -  ejtpjir)  (6) 

Here  pt  is  the  chemical  potential,  Cj  is  an  energy 

eigenvalue, 


Additionally  Kohn  and  Sham  suggested  an  ap¬ 
proximation  for  Ecx  which  allows  practical  calcula¬ 
tion  to  be  made.  That  is  the  local  density  approxi¬ 
mation  (LDA) 

Exc  =  j  d^rn{r)exc{n{r))  (7) 

where  e^c  is  the  exchange-correlation  energy  per  par¬ 
ticle  of  an  uniform  interacting  electron  gas  of  density 
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n.  We  should  remind  at  this  point  that  ipj  and  €j  are 
auxiliary  quantities  which  have  no  physical  meaning. 
We  can  solve  the  equations  in  the  Bloch  wave  func¬ 
tions  representation  and  find  the  auxiliary  excitation 
spectrum  Ckx-  One  can  obtain  the  Fermi  surface  from 
the  condition 


ekx  =  0  (8) 

But  we  should  again  emphasize  that  the  interrelation 
between  this  Fermi  surface  and  the  real  metal  Fermi 
surface  is  unclear. 

The  DFT  approach  to  BS  is  not  unique.  Let  us 
consider  another  approach  going  back  to  the  works 
of  Luttinger  [3]  and  Abrikosov  [4].  For  the  follow¬ 
ing  discussion  it  is  convenient  to  use  the  one-particle 
Green  functions  G[x,x').  We  define  also  the  self¬ 
energy  E(x,x')  and  its  Fourier  component 

=  +V,,,ir) 


+ 


/ 


n(r') 
|r  -  r' 


E(r,r',w) 


As  is  weU  known  [4],  the  operator  G{r,r',LLi)  cannot 
be  diagonalized  in  the  Bloch  wave  function  represen¬ 
tation  simultaneously  at  all  u>  points.  However,  this 
can  be  done  for  the  operator  G(r, r',0),  and  we  can 
write 


V2 

-  - - 1"  Vext 

2m 


n(r') 
\r  -r'\ 


(9) 


~  J  dr'E(r,r',0)V>)tA(7’')  =  hxtpkxir) 

This  equation  introduces  the  new  BS  excitation  spec¬ 
trum  ekx-  This  spectrum  as  well  as  that  given  by 
DFT  is  fictitious  and  does  not  describe  the  real  one- 
particle  excitations.  But  this  spectrum  has  at  least 
two  very  important  properties  in  comparison  with 
the  DFT  one.  Firstly,  the  Fermi  surface  described 
by  the  condition 


where  Vkx  is  the  Fermi  velocity 


VkX  -  VjtCjtA 

On  the  other  hand, this  approach  has  some  se¬ 
rious  disadvantages  in  comparison  with  the  DFT. 
The  first  one  is  the  absence  of  any  selfconsistent  and 
closed  expression  for  the  self-energy  corresponding 
to  the  LDA.  This  value  can  be  calculated  only  in  the 
framework  of  a  perturbation  theory  using  the  func¬ 
tionals  proposed  in  the  works  [5,6].  The  next  dis¬ 
advantage  is  connected  with  the  nonlocality  of  the 
self-energy,  which  complicates  seriously  the  solution 
of  equation  (10)  in  comparison  with  the  DFT  aj)- 
proach  with  the  local  operator  Vxc{r).  This  may  be 
the  main  reason  why  this  approach  to  BS  has  not 
been  used  widely  for  practical  calculations.  We  can 
mention  only  the  recent  attempt  made  by  Elisishberg 
[7,8]. 

Nevertheless  such  calculations  can  ‘be  done  for 
some  model  systems.  We  have  made  [9]  the  calcula¬ 
tions  of  both  type  BS  for  highly  compressed  metallic 
hydrogen.  The  RPA  approximation  was  used  for  the 
self-energy  and  the  potential  Vxc-  It  was  shown  that 
the  two  methods  different  Fermi  surfaces  even  for  cu¬ 
bic  crystals.  As  is  well  known  [10]  in  HTSC  systems 
the  Fermi  surfaces  measured  by  photoemission  co¬ 
incide  well  with  those  calculated  by  DFT.  This  can 
mean  that,  at  least,  the  spatial  dispersion  or  the  non¬ 
locality  of  the  exchange-correlation  interaction  is  not 
very  important  in  HTSC.  Moreover  the  LDA  predic¬ 
tions  are  not  so  far  from  reality  also  for  the  elec¬ 
tron  energy  dispersion,  as  is  found  in  the  comparison 
between  the  calculated  optical  spectra  [11]  and  the 
experimental  ones  [12,15].  Although  the  behavior 
of  HTSC  materials  is  considerably  well  described  by 
DFT  at  moderate  and  high  energies  there  are  some 
“anomalies”  and  an  “unconventional”  type  behavior 
at  low  energies. 

As  was  shown  [13,14]  the  main  part  of  all  these 
“anomalies”  can  be  explained  by  the  assumption  that 
the  one-particle  relaxation  rate  has  linear  depen¬ 
dences  on  T  and  w 


hx  =  0  (10) 

coincides  with  the  real  metal  Fermi  surface  measured, 
for  example,  by  photoemission.  Secondly,  the  density 
of  the  electron  states  on  the  Fermi  surface  can  be 
obtained  exactly  from  this  BS  as 


— 2ImE(w)  =  }  .  =  ai^T  +  j3u 
r(w) 

The  main  problem  is  now  to  understand  how  such 
behavior  can  appear  in  real  systems.  There  are  a 
lot  of  suggestions  for  the  explanations  of  this  fact  in¬ 
cluding  the  marginal  Fermi  liquid, spin-fluctuations, 
a  “nested”  Fermi  surface  etc.  It  was  shown  [14]  that, 
indeed,  all  these  mechanisms,  as  well  as  the  usual 
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electron-phonon  interaction,  can  explain  all  “anoma¬ 
lies”  in  the  behavior  of  the  normal  state  of  HTSC. 
The  distinction  between  different  mechanisms  can  be 
done  only  through  a  detailed  quantitative  compari¬ 
son  between  a  number  of  calculated  and  measured 
properties. 

For  example,  the  electrical  resistivity  R  at  high 
temperatures  can  be  expressed  as 


where  Wpi  is  the  electron  plasma  frequency  and 
A  is  a  suitable  constant  of  coupling  (spin- 
fluctuations, electron-phonon  etc.).  The  utpi  obtained 
from  the  band  structure  calculation  [11]  and  con¬ 
firmed  by  the  analysis  of  experimental  optical  data 
[12,15]  is  of  order  3  eV.  Then  from  the  absolute  values 
of  R  one  can  conclude  [16]  that  for  HTSC  1  <  A  <  2 
.  It  is  very  unlikely  that  these  high  values  of  A  can  be 
explained  by  an  interaction  other  than  the  electron- 
phonon  one. 

The  next  argument  is  concerning  the  frequency 
dependence  of  the  relaxation  rate  obtained  by  the 
optical  spectroscopy.  As  it  is  well  known  the  one- 
particle  relaxation  rate  (determined  by  — ImE(w)) 
reaches  its  constant  asymptotic  value  27rA  <  w  >  at 
energies  of  the  order  of  the  cutoff  energy  of  a  phonon 
spectrum  Uc  <  0.1  eV.  But  the  optical  relaxation  rate 
increases  linearly  with  w  up  to  energies  w  of  the  or¬ 
der  0.3-0. 4  eV.  This  relaxation  rate  was  determined 
[17]  using  the  generalized  Drude  expression  for  the 
conductivity 

Tl€^ 

^  ^  m(w)(l/r(w))  —  iw 

in  term  of  the  energy-dependent  mass  m(w)  and  re¬ 
laxation  rate  1/t(w).  As  was  shown  in  our  work  [18] 
the  value  1/t(w)  in  this  formula  cannot  be  considered 
as  a  real  relaxation  rate  because  this  formula  cannot 
be  applied  to  systems  with  a  strong  interaction.  We 
calculated  cr(a))  using  the  Kubo  approach.  The  cal¬ 
culated  cr(a>)  was  fitted  by  this  formula  and  it  was 
shown  that  the  optically  measured  value  l/r(u;)  is 
nothing  but  the  linear  interpolation  between  the  min¬ 
imal  value  of  the  one-particle  relaxation  rate  and  its 
maximal  value  7  =  27rA  <  w  >~  0.3  —  0.4  eV.  More¬ 
over, our  calculations  [14,18,19]  using  the  Eliashberg 
function,  obtained  from  tunnelling  results  [20]  give 
a  very  good  agreement  with  experimental  data  on 


the  resistivity,  optical  and  EELS  spectra  of  HTSC 
systems  in  the  normal  state. 

The  same  Eliashberg  function  gives  A  =  2  and 
Tc  —  125  K.  Moreover,  the  existence  of  the  large 
values  of  the  relaxation  rate  near  Tc  can  explain  the 
smearing  of  the  electron  density  of  states  and  the  lack 
of  the  Hebel-Slichter  coherence  peak  in  the  NMR  and 
optical  results.  The  numerical  solution  of  the  Eliash- 
betg  equations  demonstrate  also  the  non-BSC  behav¬ 
ior  of  a  set  of  superconducting  properties  near  Tc- 
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Recent  infrared  reflectance  spectroscopy  on  high  quality  ciystals  of  a  number  of  HTSC  sys¬ 
tems  shows  that  all  have  finite  conductivity  in  the  frequency  region  of  the  superconduct¬ 
ing  gap.  Results  on  untwinned  YBCO  from  a  number  of  laboratories  show  that  this  ab¬ 
sorption  is  not  due  to  experimental  problems  or  sample-to-sample  variations.  Other  mate¬ 
rials  also  show  absorption  features  in  the  gap  region  in  the  form  of  peaks.  We  discuss 
these  results  in  terms  of  recent  ideas  of  the  effect  of  impurities  in  d-wave  superconductors. 


KEY  WORDS:  Superconductivity,  gap,  infrared,  d-wave 


1.  INTRODUCTION 

The  observation  of  the  superconducting  gap  by 
infrared  spectroscopy  has  been  a  goal  from  the  be¬ 
ginning  of  the  discovery  of  high  temperature  super¬ 
conductivity.  [1]  For  several  reason  this  search  has 
been  unsuccessful.  First,  it  appears,  from  angle 
resolved  photo  emission,  that  the  gap,  at  least  in 
Bi2Sr2CaCu208,  is  highly  anisotropic  in  fe-space.  The 
corresponding  optical  spectrum  would  not  exhibit  a 
sharp  onset  of  conductivity. 

Secondly,  it  is  known  that  the  materials  are  in 
the  clean  limit,  and  from  momentum  selection  rules, 
an  onset  of  absorption  at  the  gap  frequency  is  nOt 
possible.  In  this  limit,  absorption  starts  at  twice  the 
gap  frequency,  plus  the  frequency  of  the  relevant  ex¬ 
citations  responsible  for  transport  scattering.  Thus 
given  the  combination  of  a  d-wave  density  of  states 
and  a  smoothly  rising  excitation  spectrum  any  sharp 
feature  corresponding  to  the  gap  will  be  washed  out. 
Recent  interest  has  focussed  on  breaking  down  the 
momentum  selection  rules  using  defects,  introduced 
either  by  doping, [2]  or  radiation  damage.  [3,4] 
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Surprisingly,  the  effect  of  defects  on  the  opti¬ 
cal  absorption  spectrum  in  the  gap  region  does  not 
produce  dirty-limit  behaviour  as  seen  in  conventional 
superconductors  -  an  onset  of  absorption  at  2 A.  In¬ 
stead,  a  new  low  frequency,  Drude-like,  absorption 
appears  in  the  superconducting  state,  taking  spectral 
weight  away  from  the  superconducting  condensate. 
The  total  low  frequency  spectral  weight  remains  con- 
stant[3,4]  and  equal  to  the  Drude  spectral  weight  in 
the  normal  state. 

In  this  review  we  will  cover  some  recent  work 
on  the  ab-plane  conductivity  in  the  cuprates.  There 
have  been  substantial  improvements  in  the  technology 
of  crystal  growth[5,6]  as  well  as  optical  spectroscopy 
of  smaller  and  smaller  crystals.  [7] 

2.  RESULTS 

2.1  a-axis  Conductivity  of  YBa2Cu307_5 

YBa2Cu307_f  is  the  most  studied  of  the 
cuprates  but  it  is  important  to  study  detwinned 
crystals  since  the  optical  properties  are  quite 
anisotropic.  [8]  Much  of  the  variability  in  the  prop¬ 
erties  of  YBa2Cu307_5  seems  to  stem  from  the  qual¬ 
ity  of  the  chains  which  tend  to  incorporate  aluminum 
and  gold  from  the  crucibles  used  for  growth.  [9]  The 
a-direction  properties  do  not  depend  as  much  on  cur¬ 
rents  carried  in  the  chains  and  material  variability  is 
much  reduced.  This  is  illustrated  in  Fig.  1. 
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Fig  1.  The  a-axis  optical  conductivity  of 
YBa2Cu306.95  from  three  groups.  There  is  over¬ 
all  agreement  to  the  value  of  the  conductivity  for 
crystals  from  different  sources.  Note  the  absence 
of  a  true  gap  and  a  fairly  constant  conductivity  of 
350  (f2cm)~^  at  the  minimum. 


Fig.  1  shows  the  a-axis  optical  conductivity  with 
light  polarized  normal  to  the  chains.  Curves  from 
three  laboratories  are  shown.  The  heavy  line  is  a 
spectrum  from  Pham  et  a/.  [10]  measured  by  direct 
absorption  and  therefore  having  perhaps  the  highest 
absolute  accuracy.  The  dashed  curve  is  a  recent  mea¬ 
surement  by  Basov  et  al.  on  crystals  grown  in  zirconia 
crucibles  with  highly  conducting  chains.  In  contrast, 
the  light  solid  curve,  measured  by  Sciitzmann  et 
al.[ll]  is  on  crystals  with  fragmented  chains  that 
show  effects  of  localization.  Two  things  are  clear  from 
these  data:  there  is  good  overall  agreement  between 
the  measurements  over  a  large  range  of  frequency  on 
crystals  from  a  wide  range  of  sources.  A  fourth  data 
set,  by  the  Florida  group,  using  crystals  from  the  Illi¬ 
nois  group,  not  shown  here,  is  in  excellent  agreement 
with  these.  [9] 

The  spectra  are  characterized  by  a  broad  min¬ 
imum  centered  at  400  cm~^  where  the  conductiv¬ 
ity  reaches  a  value  of  400  fi~^cm“^.  At  lower  fre¬ 
quencies  the  conductivity  rises  again  and  if  extrapo¬ 
lated  to  zero  frequency  reaches  a  value  of  about  2000 
fl"^cm~^.  This  is  approximately  half  of  the  residual 
conductivity  seen  in  samples  from  the  same  source  by 
microwave  techniques,  4500  0~^cm“^.[12] 
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2.2  Conductivity  of  Tl2Ba2Cu06-i-5. 

The  Tl2Ba2Cu06+5  material  has  a  single 
copper-oxygen  plane  and  a  Tc  close  to  90  K  at  opti¬ 
mal  doping.  Its  Tc  can  be  reduced  to  zero  by  oxygen 
annealing.  At  optimal  doping,  it  shows  a  linear  re¬ 
sistivity  variation  with  temperature,  typical  of  most 
high  Tc  materials,  changing  towards  a  in  the  over 
doped  region.  We  report  here  preliminary  results  of 
the  optical  conductivity  of  this  material. [13] 


Fig  2.  The  the  optical  conductivity  of  Tl2Ba2Cu06+5 
The  thick  line  is  the  90  K  curve  just  above  the  su¬ 
perconducting  transition  of  88  K  and  the  thin  line 
the  low  temperature  spectrum.  The  spectrum  is 
dominated  by  a  large  peak,  a  pseudogap  develops 
at  70  cm~^  already  in  the  normal  state. 

Figure  2.  shows  the  ab  plane  conductivity  of 
a  crystal  of  optimally  doped  Tl2Ba2Cu06-i-6  with 
Tc  =  88  K.  Two  temperatures  are  shown,  90  K  just 
above  the  superconducting  transition,  and  15  K  in 
the  superconducting  state.  The  conductivity  is  un¬ 
usual  for  a  metal  since,  instead  of  a  Drude  absorption 
the  spectrum  consists  of  a  peak  at  approximately  100 
cm“^.  In  the  superconducting  state  this  peak  sharp¬ 
ens  and  moves  to  lower  frequency. 

The  normal  state  dc  conductivity  is  metallic  (lin¬ 
ear  with  a  positive  temperature  coefficient)  whereas 
the  optical  conductivity  shows  a  low-lying  peak  ris¬ 
ing  from  the  dc  value  (shown  as  a  black  point  at  zero 
frequency).  A  positive  frequency  coefficient  of  con¬ 
ductivity  is  usually  associated  with  localization  and 
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is  then  accompanied  by  a  negative  temperature  coef¬ 
ficient  of  resistivity.  The  superconducting  state  con¬ 
ductivity  is  also  anomalous.  First,  there  is  no  sign  of 
an  energy  gap,  but  the  pseudogap  visible  in  the  nor¬ 
mal  state  deepens  in  the  superconducting  state.  The 
onset  frequency  of  this  gap  is  70  cm~^. 


Fig  3.  The  the  optical  conductivity  of  Pb2Sr2(Y/Ca)Cu308+i . 
The  85  K  curve  is  in  the  normai  state.  As  su¬ 
perconductivity  develops  a  pseudogap  develops 
around  70  cm“''.  There  is  no  sign  of  a  super¬ 
conducting  gap  oniy  a  pseudogap  which  is  already 
present  in  the  normai  state. 

A  careful  analysis  of  the  spectral  weight,  us¬ 
ing  the  conductivity  sum  rule,  shows  that  the  re¬ 
gion  from  0  to  600  cm~^  supplies  all  the  spectral 
weight  for  the  superconducting  condensate.  The  Lon¬ 
don  penetration  depth,  calculated  from  this  missing 
spectral  weight,  is  2400  ±200  A.  The  condensate  den¬ 
sity,  per  copper  plane,  is  similar  to  the  a-axis  value  of 
YBazCusOr-i  which  is  1600  A[9]  (2400/^2  =  1700 

A). 

2.3  Conductivity  of  Pb2Sr2(Y/Ca)Cu308+5 

The  third  material  we  want  to  discuss  here 
is  Pb2Sr2(Y/Ca)Cu308+6-  Structurally  it  shares 
elements  with  YBa2Cu307_fi  and  Bi2Sr2CaCu208- 
There  is  a  copper  oxide  bi-layer,  and  like  the  former, 
it  has  a  third  single  copper  layer  midway  between  the 
bilayers.  By  varying  the  Ca/Y  ratio,  a  Tc  close  to  90 
K  can  be  obtained. [14,15, 16] 

Fig.  3  shows  the  optical  conductivity  of 
Pb2Sr2(Y/Ca)Cu308+5with  Tc  =  80  K  at  a  series 
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of  temperatures.  A  broad  peak  can  be  seen,  centered 
around  200  cm“^  in  the  normal  state,  moving  to  80 
cm“^  in  the  superconducting  state.  The  peak  is  sim¬ 
ilar  in  appearance  to  the  peak  in  Tl2Ba2Cu06+«but 
has  much  less  spectral  weight  associated  with  it. 
Again,  there  is  no  sign  of  a  superconducting  gap  and 
the  spectral  weight  for  the  condensate  appears  to  orig¬ 
inate  from  a  wide  frequency  range  to  account  for  the 
relatively  large  condensate  density,  measured  by  dc 
techniques  such  as  magnetization[17]  where  a  pene¬ 
tration  depth  of  2575  A  is  obtained,  and  /xSR  where 
a  similar  value  is  found. [18] 

1.  DISCUSSION 

In  what  follows  we  would  like  to  focus  on  a  com¬ 
mon  element  in  in  the  spectra  of  these  three  materi¬ 
als  -  finite  conductivity  in  the  region  of  the  spectrum 
where  a  conventional  superconductor  is  expected  to 
be  gapped.  Before  discussing  possible  sources  for  this 
conductivity  we  address  the  question  of  the  reality  of 
this  conductivity,  since  it  is  claimed  by  one  group  at 
least,  that  the  a-axis  conductivity  in  YBa2Cu307_5 
is  gapped.  [8,19]  The  current  consensus  is  however 
that  there  is  a  non-zero  minimum  conductivity  and 
that  the  conductivity  rises  towards  lower  frequencies. 
There  is  general  agreement  on  the  value  of  the  mini¬ 
mum  conductivity  (400  ±  50  n“^cm“^)  and  since  the 
bolometric  experiment  of  the  Maryland  group  is  in¬ 
trinsically  an  order  of  magnitude  more  sensitive  than 
any  reflectance  data,  we  must  accept  this  value  as  be¬ 
ing  a  fundamental  characteristic  of  the  fully  doped 
material. 

More  important  than  a  non-zero  minimum  value 
is  the  general  rise  of  conductivity  toward  lower  fre¬ 
quencies.  Very  strong  minima  in  conductivity  are 
caused  by  coupling  to  LO  phonons  [20]  and  for  ex¬ 
ample  in  YBa2Cu408  there  is  a  minimum  in  the  con¬ 
ductivity  at  400  cm~^  where  the  conductivity  value 
is  only  200  fl“^cm~^.[9]  Similar  strong  minima  have 
been  seen  in  Tl2Ba2CaCu208-[21]  Nevertheless,  all 
materials  investigated  have  a  background  conductiv¬ 
ity  away  from  the  minima  that  ranges  from  250  to 
1000  Q-^cm”^,  ref.  1,  fig.  56,  summarizes  some  of 
the  early  data. 

One  explanation  that  has  been  used  to  account 
for  this  residual  conductivity  has  been  in  terms  of 
defects  or  disorder.  The  difficulty  with  this  explana¬ 
tion  is  the  fact  that  the  background  absorption  shows 
relatively  little  sample-to-sample  variation.  For  ex- 
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ample  the  ab  plane  dc  resistivity  of  single  crystals  of 
YBa2Cu307_5  varies  by  more  than  a  factor  of  two 
from  laboratory  to  laboratory  whereas,  as  we  see  in 
Fig.  1,  the  variation  in  the  background  conductivity 
is  quite  small. 

A  potential  solution  to  the  problem  is  provided 
by  a  recent  suggestion  of  Lee[22]  in  terms  of  the 
limiting  conductivity  for  a  d-wave  superconductor 
in  the  presence  of  resonance  scattering  defects,  pre¬ 
dicted  to  be  (TOO  =  Wp/rrAo.  Taking  the  a-axis  value 
ujp  =  10000  cm“^[9]  we  find  the  limiting  conductivity 
to  be  w  2300  fl“^cm“^,  which  is  in  rough  agreement 
with  the  low  frequency  limit  of  the  optical  conduc¬ 
tivity.  Furthermore  the  conductivity  is  predicted  to 
be  independent  of  defect  concentration.  This  process 
would  account  for  the  magnitude  of  the  observed  con¬ 
ductivity  as  well  as  the  lack  of  sample- to-sample  vari¬ 
ation. 

The  conductivity  of  the  other  two  materials, 
Tl2Ba2Cu06+«and  Pb2Sr2(Y/Ca)Cu308-t-«cannot  be 
explained  by  this  process  since  the  observed  peak  is 
already  present  in  the  normal  state  and  only  grows  in 
sharpness  as  superconductivity  is  established.  Never¬ 
theless  localization  may  be  responsible  for  these  struc¬ 
tures  as  well.  Both  materials  have  wide  transitions 
and  the  doping  process  involves  oxygen  vacancies.  [23] 
Anther  process  that  is  capable  of  producing  a  low 
temperature  peak  is  the  development  of  spin  density 
wave  correlations.  [24] 
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The  energy  gap  structure  of  the  cuprates  depends  strongly  on  levels  of  doping.  The  stoichiometric 
compound  Y Ba2CusO^  displays  a  peculiar  two-gap  structure.  Oxygen  depletion  is  accompanied 
by  the  transition  to  the  gapless  state,  and  this  is  manifested  in  various  transport,  electromagnetic, 
etc.  properties  of  the  material.  The  temperature  dependence  of  the  penetration  depth  correlates 
with  oxygen  content  and  is  characterized  by  various  power  laws  in  an  oxygen  depleted  sample.  In 
other  cuprates,  overdoping  leads  to  gaplessness  and  a  peculiar  dependence  of  Hc2 . 
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1.  INTRODUCTION 

This  paper  is  concerned  with  the  energy  spec¬ 
trum  of  the  cuprates.  It  will  focus  on  the 
Y Ba2Cu^07-s  compound,  because  this  is  the  most 
studied  high  T,,  material,  and  it  turns  out  that  its 
energy  spectrum  is  greatly  affected  by  the  oxygen 
content.  This  paper  will  also  discuss  the  energy  spec¬ 
trum  in  the  overdoped  region  of  other  cuprates. 

2.  STOICHIOMETRIC  COMPOUND  AND 
TWO  GAP  STRUCTURE. 

A  two-gap  spectrum  in  the  high  Tc  oxides 
has  already  been  treated  theoretically  by  us  [1]. 
The  Y Ba^Cu^Oy-s  compound  contains  a  CuO 
quasi-one  dimensional  chain  structure  in  addition 
to  the  CuO  planes.  For  the  compound  that  is 
fully  oxygenated  the  chain  structure  is  particu¬ 
larly  well  developed,  that  is,  the  chain  sites  are 
fully  occupied  and  well  ordered.  The  chains  pro- 
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vide  doping  for  the  CuO  planes,  but  in  addition,  and 
this  is  particularly  important  for  our  model,  they 
form  an  independent  conducting  subsystem.  As  a 
result,  the  superconducting  state  of  the  material  dis¬ 
plays  a  two-gap  structure.  Namely,  each  of  the  sub¬ 
systems  is  characterized  by  its  own  energy  gap.  Let 
us  denote  by  a  and  /?  the  plane  and  chain  subsys¬ 
tems,  so  that  Ca  and  ep  are  the  corresponding  energy 
gaps. 

To  begin,  we  give  an  explicit  definition  of  the 
two-gap  spectrum.  This  means  that  the  density  of 
states  has  two  peaks  which  can  be  determined  spec¬ 
troscopically  [2].  In  the  present  model,  two  distinct 
subsystems,  the  planes  (a)  and  the  chains  (/?),  are 
coupled  by  charge  transfer.  Because  of  the  charge 
transfer,  the  system  is  characterized  by  a  single  value 
of  Tc  (in  the  absence  of  charge  transfer  there  would 
be  two  different  transition  temperatures:  T“  and 

Tf). 

The  superconducting  state  in  the  CuO  plane  is 
caused  by  the  same  intrinsic  mechanism  in  all  the 
cuprates.  We  think  that  this  mechanism  is  phonon 
exchange  [3],  but  at  the  moment  this  is  not  essential. 
As  for  the  chain  subsystem,  the  pairing  is  induced 
by  two  channels,  an  inelastic  channel  and  an  intrin¬ 
sic  proximity  effect  [1].  The  word  ’’intrinsic”  stresses 
the  fact  that,  unlike  the  usual  proximity  effect  ob¬ 
served  in  thin-film  sandwich  structure,  we  are  dealing 
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with  a  phenomenon  occuring  on  the  scale  of  unit  cell. 
Nevertheless,  the  physics  of  the  phenomenon  is  sim¬ 
ilar  and  represents  the  tunneling  of  the  Cooper  pair 
a  <-+  /?  [4].  Note  that,  unlike  the  BCS  model,  in  the 
two-gap  analysis  there  is  not  any  universal  relation 
between  the  values  of  the  energy  gaps  and  Tc  [5]. 

For  the  planes,  26a (0)  is  equal  to  approximately 
5Tc.  The  smaller  gap,  on  the  other  hand,  is  very 
sensitive  to  the  oxygen  content  and  for  5  =  0  is  ap¬ 
proximately  equal  to  1.25Tc.  There  are  two  sets  of 
Cooper  pairs  and  correspondingly,  two  different  co¬ 
herence  lengths  and  The  coherence  lengths  are 
=  ISA  (planes)  and  =  25A  (chains)  [1], 


The  order  parameters  and  the  corresponding 
renormalization  functions,  Za(f(u„)  and  Zp{iujn),  are 
satisfied  by  the  equations  [1]: 


Ai(iw„)Zi(iw„) 


Zi{iuJn)  = 


+ 

+ 
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Here  -p  A?(iw„)]2  (i  ~  a,/?).  Tap  and  Tpa 

describe  the  intrinsic  proximity  effect,  Aq,  is  the  in¬ 
plane  coupling  constant  describing  the  pairing  in  the 

CuO  plane,  Xap  and  Xpa  are  the  off  diagonal  coupling 

~2  ^2 

constants,  Xp  =  0,  D„„/  =0  /[fi  +(w„  -  w„/)^]  is 

the  phonon  Green’s  function,  and  is  the  charac¬ 
teristic  phonon  frequency.  These  equations  describe 
the  pairing  state  in  the  absence  of  magnetic  impurity 
scattering. 


Oxygen  depletion  leads  to  the  formation  of  local 
magnetic  moments  in  the  chain  layer.  The  removal  of 
oxygen  greatly  affects  the  electronic  energy  states  of 
the  chains.  Instead  of  a  well-developed  chain  struc¬ 
ture,  we  have  a  set  of  broken  chains  with  Cu  atoms 


at  the  end.  These  Cu  atoms  form  local  magnetic 
states,  similar  to  surface  states.  These  magnetic  mo¬ 
ments  act  as  strong  pairbreakers  in  the  chain  band, 
and  the  presence  of  the  magnetic  impurities  leads  to 
the  formation  of  the  gapless  state.  The  presence  of 
such  magnetic  moments  is  manifested  in  heat  capac¬ 
ity  data  [6],  in  the  appearance  of  tunneling  zero  bias 
anomalies,  and  in  NMR  data.  In  order  to  study  the 
effect  of  magnetic  impurities,  the  term  Tm{K^i)~^ 
should  be  added  to  the  rhs  of  Eq.  (2)  for  i  =  /?. 

The  concept  of  gapless  superconductivity  was 
introduced  in  Ref.  7  (see  also  the  reviews  in  [8]  ). 
One  should  note  that  the  gapless  state  is  still  a  su¬ 
perconducting  state.  The  absence  of  the  gap  leads  to 
a  power  law,  rather  than  exponential  dependences  of 
the  electronic  heat  capacity,  surface  impedance,  pen¬ 
etration  depth,  etc.,  but  nevertheless,  the  material 
still  exhibits  the  Meissner  effect  and  zero  resistance. 

For  the  cuprates,  we  are  dealing  with  an  un¬ 
usual  case  of  gapless  superconductivity,  namely  at 
some  value  of  the  impurity  concentration  the  energy 
gap  becomes  equal  to  zero,  whereas  the  shift  in  T^, 
unlike  the  usual  case,  is  relatively  small.  The  crit¬ 
ical  concentration  n,  which  corresponds  to  the  ap¬ 
pearance  of  the  gapless  state  can  be  calculated  by 
use  of  the  method  developed  for  the  usual  proxim¬ 
ity  system.  For  6  =  0.1,  that  is  for  Y Ba2CuzO&,Q 
compound,  we  are  dealing  with  the  gapless  state.  It 
corresponds  to  the  criterion  h/rs  ~  or  ~  ^p 
where  /*’  ~  vjt^  is  the  mean  free  path  for  magnetic 
scattering. 

It  is  essential  that,  although  the  magnetic  mo¬ 
ments  are  introduced  in  the  chain  sites  only,  the  en¬ 
ergy  gaps  become  equal  to  zero  in  both  subsystems. 
Namely,  as  a  consequence  of  the  charge  transfer,  both 
densities  of  states  Na(w)  and  Np{w)  are  not  equal  to 
zero  up  to  cu  =  0.  Note  also,  that  even  when  the 
gaps  are  equal  to  zero,  the  density  of  states  Na{w) 
displays  a  peak  at  cu  =  6„,  and  this  peak  can  be 
observed  experimentally,  e.g.,  by  tnnneling  measure¬ 
ments.  The  gapless  regime  is  very  narrow  in  the  con¬ 
ventional  isotropic  case  [9],  namely  Tier  =  0.91n',  n' 
corresponds  to  Tc  =  0.  The  presence  of  different 
subsystems,  such  as  planes  and  chains,  leads  to  a 
different  picture  (see  above),  and  the  gapless  region 
becomes  much  wider  [9]. 
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3.  PENETRATION  DEPTH 


The  model  described  here  can  be  used  to 
evaluate  the  temperature  dependences  of  the  pen¬ 
etration  depth  A(T)  [10].  At  present,  this  prob¬ 
lem  has  attracted  much  interest.  Some  authors 
[11,12]  have  observed  exponential  dependences  for 
Nd-based  cuprates  and  for  fully  oxygenated  YBCO 
filnos.  According  to  others  [13,14],  AA  oc  T, 
whereas  a  quadratic  dependence  has  also  been  re¬ 
ported  [12,15,16].  The  approach  developed  by  us  [1] 
can  explain  all  data  [11-16]  in  a  unified  way.  The  de¬ 
pendence  AA(T)  indeed  can  vary  and  is  very  sensitive 
to  oxygen  content.  The  screening  is  provided  by  both 
subsystems,  and  the  temperature  dependence  of  the 
penetration  depth  in  the  London  case  ^  <C  A  is  de¬ 
scribed  by  the  equation; 

A(T)  ^  [Q„(T)-bQ^(T)]-- 

[Q„(0)  +  Q^(0)]-  = 

The  kernels  and  Q^are  equal  to: 


Q  JT)  =  pttT 


1 _ 

u„  =  0  2or(*W„)  [^2  +  AliiUn)]^ 


Q^(T)  =  ttT  £ 


0^/3  (i^n) 


w2  -t- A2(ja>„)] 


The  quantity  p  is  equal  to  I'an^p/^'p^a  is  the  den¬ 
sity  of  states). 


First  of  all,  we  would  like  to  formulate  a  qualita¬ 
tive  result,  namely,  that  the  temperature  dependence 
is  different  for  various  concentrations  of  the  impuri¬ 
ties.  Therefore,  for  YBCO  the  functional  dependence 
AA(T)  is  different  for  various  oxygen  contents.  If 
rjvf=0,  then  an  exponential  dependence  is  obtained 
for  AA(T)  as  T  — 0.  An  increase  in  Fm,  that  is,  an 
increase  in  magnetic  impurities,  leads  to  a  modifica¬ 
tion  of  this  dependence.  A  weaker  exponential  depen¬ 
dence  is  observed  for  small  values  of  FjVf  correspond¬ 
ing  to  a  smaller  energy  gap.  For  Fm  =  90A(6  «  .1)  a 
linear  dependence  is  obtained.  For  even  larger  values 
of  Fm,  the  calculated  dependence  becomes  quadratic. 


The  value  of  the  parameter  Tm  is  directly  re¬ 
lated  to  the  oxygen  content,  which  allows  one  to  com¬ 
pare  our  calculations  with  the  experimental  data  [11- 
16].  The  value  (Fm  =  0)  corresponds  to  the  stoicho- 
metric  composition,  and  the  dependence  of  AA(T)  is 


exponential  as  T  — ^  0.  The  energy  spectrum  has  a 
two-gap  structure,  and  AA(T)  is  dominated  by  the 
smaller  gap,  so  that  AA(T)  oc  exp(-C/3/T)  Such  ex¬ 
ponential  dependence,  indeed,  has  been  observed  [12] 
for  a  fully  oxygenated  YBCO  thin  film.  Oxygen  de¬ 
pletion  leads  initially  to  a  decrease  in  the  energy  gap 
and,  correspondingly,  to  a  weaker  exponential  depen¬ 
dence.  The  value  (Fm  =  90K)  corresponds  to  the 
transition  to  the  gapless  state  [1],  and  the  depen¬ 
dence  AA(T)  is  not  exponential,  but  is  described  by 
a  power  law.  According  to  our  calculations,  the  de¬ 
pendence  is  actually  linear.  For  greater  oxygen  de¬ 
pletion,  the  calculated  curves  exhibit  a  quadratic  ten¬ 
dency.  Such  quadratic  dependence  has  also  been  seen 
[15]  with  the  data  more  closely  matching  calculated 
curves  with  Fm  >  90 A  .  This  is  consistent  with  the 
depressed  critical  temperatures  of  the  samples  used 
in  Ref.  15. 

According  to  our  analysis,  the  linear  depen¬ 
dence  in  Ref.  13  is  characteristic  of  an  oxygen  de¬ 
pleted  sample,  which  seems  at  odds  with  the  high  Tc 
of  the  crystals.  This  can  be  understood  in  light  of 
recent  work  by  Skelton  et  al.  [18]  who  found  that 
some  single  crystals  of  YBCO  become  highly  oxygen 
deficient  at  the  surface  while  maintaining  the  stoi¬ 
chiometry  in  the  bulk. 

Our  approach  allows  us  to  describe,  in  a  uni¬ 
fied  way,  the  experimental  penetration  depth  data  in 
YBCO,  which  display  different  temperature  depen¬ 
dences.  According  to  our  theory,  these  differences 
are  sample  dependent  and  correlate  with  the  oxygen 
content.  The  oxygen  depletion  leads  to  the  transfor¬ 
mation;  AAi(T)  ^  AA2(T)  AAsCT)  ^  AA4(T) 
where  AAi(T)  tx  exp(-e/3/T),  AA2(T)  oc  exp(-e^/T) 
(e^  <  ep),  AA3(T)  oc  T,  and  AA4(T)  oc  T^ 

4.  OVERDOPED  SYSTEMS 

Let  us  discuss  some  properties  of  the  overdoped 
systems  such  as  Tl2Ba2Cu06  and  Bi2Sr2Cu06  [19]. 
These  systems  also  display  a  gapless  spectrum.  The 
presence  of  magnetic  impurities  leads  to  a  larger  de¬ 
pression  in  Tc,  for  example  the  shift  Tc=85K  — > 
Tc=14K  for  Tl2Ba2Cu06.  We  think  that  this  de¬ 
pression  is  mainly  due  to  the  presence  of  magnetic 
impurities  located  on  the  0(4)  site.  This  is  supported 
by  heat  capacity  data  [20a],  and  the  measurements 
[20b].  According  to  [21],  the  presence  of  magnetic  im¬ 
purities  allows  us  to  explain  the  unusual  behavior  of 
Hc2(T),  namely,  negative  curvature,  and  a  very  large 
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value  of  Hc2(0)  relative  to  the  conventional  picture. 

Note  also  that  the  heat  capacity  measurements 
[20a]  reveal  Shottky  anomalies  (indicating  magnetic 
states)  for  the  samples  that  are  not  overdoped.  This 
means  that  in  these  materials  is  already  depressed. 
A  similar  conclusion  follows  from  [6].  Therefore,  the 
doping  process  is  accompanied  by  the  appearance  of 
magnetic  moments,  that  is,  by  a  factor  depressing  Tc- 
If  it  is  possible  to  increase  the  carrier  concentration 
by  using  a  different  method,  one  could  increase  T^ 
above  85K.  This  is  consistent  with  a  strong  positive 
pressure  dependence  of  T^  [22].  By  applying  pressure 
to  the  crystal,  the  effective  carrier  concentration  is  in¬ 
creased  without  introducing  magnetic  pair-breakers. 

5.  CONCLUSIONS 

The  main  results  of  the  paper  can  be  summa¬ 
rized  as  follows: 

1.  The  presence  of  various  structural  low- dimensional 
units  (planes,  chains),  along  with  short  coherence 
length  lead  to  a  unique  opportunity  to  observe  a  two- 
gap  spectrum.  The  spectroscopy  of  the  stoichoimet- 
ric  YBCO  compound  (microwave  properties,  tunnel¬ 
ing,  etc.)  is  determined  by  the  smaller  energy  gap. 

2.  The  chains  are  characterized  by  the  induced  su¬ 
perconductivity  which  is  due  to  the  charge  transfer, 
e.g.  to  the  intrinsic  proximity  effect. 

3.  Oxygen  depletion  leads  to  a  peculiar  gapless  state 
which  is  characterized  by  the  absence  of  the  energy 
gap  without  a  noticeable  shift  in  Tc- 

4.  The  gapless  state  is  manifested  in  the  change  in  the 
temperature  dependence  of  the  penetration  depth. 
This  dependence  is  correlated  with  oxygen  content, 
allowing  all  experimental  data  to  be  explained  from 
a  unified  point  of  view. 

5.  The  presence  of  magnetic  impurities  for  the  over¬ 


doped  cuprates  makes  a  great  impact  on  the  temper¬ 
ature  dependence  of  Hc2- 
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We  have  investigated  heat  conduction  of  single  crystal  Ba].jKjBi03  in  the  temperature  range  of  2  - 
300  K  and  in  a  magnetic  field  of  up  to  6  Tesla.  Temperature  dependence  of  thermal  conductivity 
k(T)  reveals  the  participation  of  both  electrons  and  phonons  with  their  relative  contributions  that 
depend  critically  on  the  potassium  doping  concentration.  Crystals  underdoped  with  potassium 
(samples  with  higher  Tf)  exhibit  a  strong  suppression  of  k  and  a  glass-like  temperature 
dependence.  In  contrast,  those  with  a  higher  potassium  content  (lower  Tf)  show  an  increase  as 
temperature  decreases  with  a  peak  near  23  K.  Field  dependence  of  k(H)  is  also  very  sensitive  to  the 
level  of  potassium  doping.  Crystals  exhibiting  a  large  phonon  contribution  show  an  initial  drop 
in  K(Hj  at  low  fields  followed  by  a  minimum  and  then  a  slow  rise  to  saturation  as  the  field 
increases.  The  initial  drop  is  due  to  the  additional  phonon  scattering  by  magnetic  vortices  as  the 
sample  enters  a  mixed  state.  The  high  field  behavior  of  k(H),  arising  from  a  continuous  break-up 
of  Cooper  pairs,  exhibits  scaling  which  suggests  the  presence  of  an  unconventional 
superconducting  gap  structure  in  this  material. 


KEY  WORDS:  High-f, superconductors;  thermal  conductivity;  magnetization. 


1.  INTRODUCTION 

The  discovery  of  superconductivity  in  Bai.^KxSiOs 
(BKBO)  [1,2]  and  its  unique  physical  properties  have 
stimulated  considerable  interest.  Unlike  the  copper-oxide 
layered  perovskite  superconductors,  BKBO  is  cubic  and 
copperless,  contains  no  magnetic  ions,  and  exhibits  a 
large  isotope  effect  [3].  These  and  other  features  suggest 
that  electron-phonon  coupling  is  the  relevant  mechanism 
for  superconductivity  in  this  compound.  Owing  to  its 
moderately  long  coherence  length,  low  microwave  loss, 
and  good  tunneling  characteristics,  BKBO  is  also 
attracting  interest  for  technological  superconductor 
applications. 

One  of  the  less  fortunate  aspects  of  BKBO  is  the 
presence  of  mixed  phases  and  a  tendency  for  an 
inhomogeneous  distribution  of  potassium  [4],  both  of 
which  contribute  to  a  rather  high  electrical  resistivity. 
This  results  in  considerable  difficulties  when  attempting 
to  determine  the  essential  galvanomagnetic  transport 
parameters.  Thermal  transport,  on  the  other  hand,  avoids 
these  problems,  and  it  probes  directly  the  behavior  of 
carriers  and  phonons  in  both  the  normal  and  the  supercon- 
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ducting  states  [5,6].  A  few  years  back  we  have  reported 
on  the  thermopower  and  thermal  conductivity  of 
polycrystalline  BKBO  [7].  In  this  paper  we  report  on  our 
recent  studies  made  on  high  quality  single  crystals.  We 
show  that  the  thermal  conductivity  is  rather  sensitive  to 
the  potassium  doping  concentration,  and  we  provide  first 
results  on  the  magnetic  field  dependent  heat  conduction  of 
BKBO  crystals. 


2.  EXPERIMENTAL 

Measurements  were  made  on  single  crystals  prepared 
by  a  three-electrode,  top-seeded  growth  method  [8].  This 
method  facilitates  the  growth  of  relatively  large  crystals 
with  Tc  of  up  to  32  K  and  sharp  superconducting 
transitions.  It  provides  a  possibility  to  control  potassium 
content  by  imposing  an  overpotential.  The  samples  used 
in  this  study  were  typically  1  to  2  mm  long  and  about  1 
mm  across.  We  describe  results  on  two  samples:  sample 
A  with  Tf  =  1 8  K,  and  sample  B  with  a  lower  potassium 
content  (underdoped)  and  7).  =  30  K. 

Magnetization  measurements  were  carried  out  using  a 
commercial  SQUID  magnetometer  in  order  to  determine 
the  Tf.,  the  width  of  the  transition,  and  the  magnetic 
irreversibility.  We  focused  our  measurements  on  two 
types  of  sweeps:  zero-field-cooled  (ZFC)  and  field-cooled 
(FC)  sweeps  at  a  fixed  field  (Fig.  la),  and  field  dependent 
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T(K)  H(T) 


Fig.  1.  Typical  magnetic  hysteresis  loops  for  sample  B.  (a)  Tempera¬ 
ture  dependent  hysteresis  curve  between  zero-field-cooled  (ZFC)  and 
field-cooled  (FC)  magnetizations  at  3  Tesla.  Arrows  indicate  T*  and 
respectively,  (b)  Field  dependent  hysteresis  at  20  K.  The 
irreversibility  field  H*  is  indicated  by  the  arrow. 


YBa2Cu307  [10],  where  an  exponent  of  3/2  is  reported.  It 
has  been  shown  [10,13]  that  the  flux  pinning  energy  and 
its  temperature  and  field  dependences  determine  the 
scaling  exponent.  When  flux  lines  are  rigid  corresponding 
to  a  large  pinning  energy  and  collective  pinning  effects, 
an  exponent  of  3  is  expected;  when  flux  bundles  are 
weakly  correlated,  one  expects  a  smaller  pinning  energy 
and  an  exponent  of  3/2.  The  observed  exponent  for 
sample  B  reveals  the  presence  of  a  high  defect 
concentration  arising  from  potassium  underdoping,  which 
leads  to  stronger  pinning  effects.  More  insights  on  the 
effects  of  potassium  doping,  particularly  its  influence  on 
the  superconducting  transition,  are  obtained  from  thermal 
conductivity  measurements  described  below. 


hysteresis  at  a  fixed  temperature  (Fig.  lb).  The 
irreversibility  field  H*  and  temperature  T*  are  determined 
from  the  points  of  divergence  in  the  hysteretic  traces,  as 
indicated  in  Fig.  1 . 

Thermal  conductivity  was  measured  by  a  steady-state 
technique  with  the  aid  of  a  miniature  resistive  heater  and 
two  pairs  of  differential  chromel-constantan 
thermocouples.  The  thermocouples  were  calibrated  to 
account  for  small  changes  in  their  electromotive  force  in 
a  magnetic  field.  Fields  of  up  to  6  Tesla  were  supplied  by 
a  superconducting  split-coil  magnet,  and  were  directed 
perpendicular  to  the  heat  current. 

3.  RESULTS 


3.1.  Magnetization 

Our  magnetization  measurements  were  designed  to 
probe  flux  pinning  behavior  by  investigating  the 
magnetic  irreversibility  and  the  associated  critical 
parameters,  H*  and  T*.  The  temperature  dependent 
magnetization  exhibits  Meissner  effect  below  T,.,  as 
shown  in  Fig.  la.  The  irreversibility  temperature  T* 
coincides  with  at  zero  field,  and  it  decreases  as  field 
increases;  the  irreversibility  field  H*,  on  the  other  hand, 
increases  correspondingly  with  decreasing  temperature. 
Below  Tf.,  the  measured  //*  is  much  smaller  than  the 
upper  critical  field  Hc2  (see  Fig.  lb).  The  width  of  the 
magnetic  hysteresis  loop  (e.g.  Fig.  1),  to  a  good 
approximation,  is  directly  proportional  to  the  critical 
current  [9]. 

Fig.  2  traces  the  irreversibility  of  sample  B.  The 
observed  behavior  exhibits  scaling  in  the  form 

(1) 

The  exponent  of  3  has  been  observed  in  Ba2Sr2CaCu20g 
[10],  but  not  in  sample  A  nor  other  BKBO  [1 1,12]  nor  in 


3.2.  Thermal  Conductivity 

The  temperature  dependences  of  k(T)  for  samples  A 
and  B  are  shown  in  Fig.  3.  They  represent  various 
scattering  processes  that  involve  different  length  scales  in 
these  samples.  The  underdoped  sample  B  exhibits  a 
strong  suppression  of  thermal  conductivity  compared 
with  sample  A,  more  than  a  factor  of  10  at  low 
temperatures.  This  is  attributed  to  a  reduction  in  phonon 
mean  free  path  in  underdoped  samples  due  to  defects.  The 
estimated  phonon  mean  free  path  for  sample  B  at  25  K  is 
about  10  A  using  data  from  specific  heat  measurements 
[14],  and  it  is  expected  to  be  even  shorter  at  higher 
temperatures.  This  length  scale  corresponds  to  a  defect 
density  of  nearly  one  per  unit  cell.  The  apparent  high 
defect  density  may  arise  from  statistical  fluctuations  of 
dopant  concentration  from  one  unit  cell  to  another  in 
underdoped  samples.  The  high  temperature  behavior  of 
sample  B  exhibits  a  slow  increase  with  temperature  (Fig. 
3)  similar  to  that  of  the  polycrystalline  samples  [7].  The 
behavior  is  consistent  with  the  short  mean  free  path,  and 
thus  a  glass-like  temperature  dependence  [15].  It  is  not 
that  unusual  to  see  glassy  behavior  in  crystalline 
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Fig.  2.  Log-log  plot  of  irreversibility  field  H*  versus  the  reduced 
irreversibility  temperature  (1  -  T*/?),)  for  sample  B.  7^  =  30  K. 
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materials;  other  examples  do  exist  [16,17].  The  behavior 
for  sample  A,  on  the  other  hand,  exhibits  a  decrease  as 
temperature  increases  which  indicates  a  strong  phonon 
conductivity  dominated  by  Umklapp  processes  [1$].  This 
is  consistent  with  a  low  defect  density  and  the  crystalline 
nature  of  the  sample. 

As  temperature  decreases,  the  rise  in  heat  conduction 
of  sample  A  slows  down;  then  it  rises  to  a  distinct  peak 
around  23  K,  before  it  drops  at  lower  temperatures. 
Sample  B  exhibits  no  such  peak,  but  it  also  displays  a 
similar  decrease  at  low  temperatures.  The  peak  observed 
in  sample  A  evidently  arises  from  the  transition  between 
the  high  temperature  phonon  dominated  conduction  and 
the  low  temperature  drop  due  to  phonon  scattering  by 
imperfections  [15].  We  believe  that  the  peak  is  not 
directly  related  to  the  onset  of  superconductivity,  because 
it  occurs  well  above  7^.  As  mentioned  above,  the  grain 
boundaries  and  scattering  centers  in  these  samples  arise 
from  the  inevitable  statistical  fluctuations  of  K  doping 
concentration.  We  have  ruled  out  the  participation  of  the 
electronic  thermal  conduction  at  this  temperature  because 
most  electrons  are  condensed  into  Cooper  pairs.  It  is  also 
unlikely  that  a  strong  suppression  of  quasiparticle 
scattering  [18]  plays  any  role  here,  according  to  the  field 
dependent  results  discussed  below. 

More  evidence  on  a  large  phonon  thermal 
conductivity  of  sample  A  is  obtained  from  the  field 
dependent  behavior  shown  in  Fig.  4a.  For  increasing 
field,  K  drops  initially  at  low  field  and,  after  reaching  a 
'dip'  at  Hj,  it  slowly  rises  to  saturation.  The  initial  rise 
in  Mk  (Fig.  4a,  inset)  is  due  to  additional  phonon 
scattering  by  magnetic  vortices  as  the  sample  enters  a 
mixed  state.  It  cannot  be  attributed  to  electron  scattering 
by  vortices  because  the  electron  mean  free  path  is  less 
than  10  A,  as  indicated  by  results  from  our  measurements 
and  those  of  others  [3,12].  For  a  'dilute'  system  of 
vortices,  the  additional  phonon  scattering  is 
approximately  laH/^o  [19]  with  /  the  phonon  mean  free 
path,  a  the  diameter  of  the  vortex  line,  4>o  the  flux 
quantum,  and  H  the  magnetic  field.  The  phonon  thermal 
resistivity  l/xr^ftf//)  in  this  limit  is,  therefore,  linear  with 
H. 

The  linear  dependence  fits  the  observation  rather  well 
(see  inset  in  Fig.  4a)  with  a  slope  that  depends  on  the 
product  of  /  and  a.  At  higher  fields  the  strong  interaction 
between  vortices  leads  to  the  formation  of  a  flux  lattice, 
and  consequently  phonon  scattering  by  vortices 
diminishes;  thus  Jfp*  no  longer  drops  at  This  happens 
when  the  penetration  depth  X,  is  comparable  to  the 
separation  of  flux  lines,  so  while  X  increases  with 
increasing  temperature  decreases. 

The  slow  rise  of  K  above  arises  from  increasing 
electronic  contribution  due  to  the  continuous  break-up  of 
Cooper  pairs.  This  enables  us  to  estimate  the  electronic 
contribution  from  the  size  of  the  total  increase  in 
K(H).  For  instance,  at  4.6  K,  is  less  than  1/5  of  the 
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Fig.  3.  Temperature  dependence  of  the  thermal  conductivity  for 
sample  A  (open  circles)  and  sample  B  (open  diamonds). 


total  K  in  the  normal  state.  From  this  we  estimate  the 
phonon  contribution  and  the  phonon  mean  free  path  / 
using  the  published  specific  heat  data  [14];  at  4.6  K  I  is 
-  4000  A.  The  large  mean  free  path  makes  the  initial 
drop  in  i^H)  possible  because,  if  I  is  shorter  than  the 
average  distance  between  vortices,  Kpf,  would  not  be 
affected  by  them.  Note  that  the  vortex  spacing  of  4000  A 
corresponds  to  a  field  strength  of  about  100  G.  The 
observed  large  drop  at  low  fields  further  supports  the 
notion  that  the  phonon  contribution  dominates  the  zero 
field  heat  conduction. 

In  sample  B  the  higher  defect  concentration  leads  to  a 
shorter  phonon  mean  free  path  (-  100  A  at  4.6  K),  hence 
a  smaller  phonon  contribution  to  the  thermal 
conductivity.  This  in  turn  results  in  a  smaller  or  no 
phonon  dip  in  k(H)  at  low  fields.  Although  the  electronic 
thermal  conductivity  of  sample  B  is  actually  comparable 
to  that  of  sample  A,  the  observed  large  rise  in  k(H)  for 
sample  B  at  high  fields  indicates  that  its  electronic  part 
represents  a  greater  fraction  of  the  conductivity  than  that 
in  sample  A. 


Fig.  4.  Field  dependent  thennal  conductivity  (a)  for  sample  A  at  9.2  K 
and  (b)  for  sample  B  at  15.2  K.  Inset  of  (a)  shows  the  corresponding 
thermal  resistivity  which  exhibits  linear  behavior  at  low  fields  (dashed 
line).  Arrows  indicate  in  (a)  and  H*  in  (b).  Note  that  the  two 
temperatures  in  (a)  and  (b)  correspond  roughly  to  the  same  777)  value 
(-0.5). 
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At  higher  fields,  the  measured  thermal  conductivity 
saturates  at  a  critical  field  H*,  which  is  far  below  Hc2  (> 
5.5  Tesla  just  below  see  Section  3.1)  obtained 

fi'om  magnetization  measurements.  The  behavior  below 
H*  exhibits  scaling  in  the  form 

k(H*)  -  k(H)  ~  (H*  -  (2) 

as  shown  in  Fig.  5  for  sample  B.  Eq.  (2)  corresponds 
approximately  to  the  electronic  thermal  conductivity  in 
the  superconducting  state,  The  3/2-power  law  differs 
from  the  linear  behavior  of  the  conventional  dirty  type-II 
superconductors  [20]  given  by 

k(H,2)  -  K(H)  ~  (H,2  -  H).  (3) 

The  observed  functional  dependence  on  field  suggests  the 
presence  of  an  unusual  gap  structure  in  BKBO.  In  a 
separate  publication  [21]  we  derive  self  consistently  the 
effective  gap  from  the  observed  field  dependence  [Eq.  (2)] 
using  a  BCS-like  treatment  [22].  The  resulting  effective 
gap  in  BKBO  is  given  by  [21] 

e(H)  ~  (H*  -  (4) 


with  a  relatively  high  critical  field  H*  suggests  that  the 
electron-phonon  interactions  in  BKBO  are  quite  strong. 
While  potassium  concentration  affects  directly  the 
thermal  conductivity  of  BKBO  through  phonon  mean  free 
path,  it  does  not  appear  to  influence  the  form  and  strength 
of  the  gap. 

4.  CONCLUSION 

We  have  studied  the  magnetic  irreversibility  and 
thermal  conductivity  of  BKBO  crystals  in  a  wide  range  of 
temperatures  and  fields.  The  different  roles  of  electrons 
and  phonons  on  thermal  conduction  are  examined.  Our 
results  reveal  that  both  thermal  conductivity  and 
superconducting  transition  can  be  tuned  by  potassium 
doping  concentration,  and  that  the  statistical  fluctuation 
of  the  K  concentration  determines  the  phonon  mean  free 
path  and  the  character  of  flux  pinning.  The  observed 
scaling  behavior  for  the  high  field  thermal  conductivity 
indicates  the  presence  of  an  unconventional  and  mean- 
field-like  gap  structure  in  BKBO.  The  gap  and  the  related 
phenomena  reveal  insight  into  the  fundamental  processes 
that  cause  the  superconductivity  in  BKBO. 


with  H*  the  field  at  which  the  effective  gap  vanishes.  The 
measured  H*  coincides  with  magnetic  irreversibility  field 
obtained  from  magnetization  measurements  (Section  3. 1 ). 
The  latter  field  signals  the  onset  of  supercurrent.  It  is 
reasonable  to  conclude  that  both  fields  are  the  same,  and 
that  they  also  determine  the  onset  of  the  unconventional 
superconducting  gap  given  by  Eq.  (4). 

The  mean-field-like  superconducting  gap,  indicated 
by  the  exponent  of  1/2  [Eq.  (4)],  appears  to  exist  in  all 
BKBO  crystals  we  have  studied.  However,  its  effects  on 
thermal  conductivity  are  more  pronounced  in  potassium 
underdoped  samples  with  higher  T^,  because  the  phonon 
contribution  is  suppressed  by  the  higher  defect  concen¬ 
tration,  as  discussed  above.  The  presence  of  a  robust  gap 
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Fig.  5.  Scaling  behavior  of  thermal  conductivity  of  sample  B  at  three 
different  temperatures:  12.4  K  (circles),  15.2  K  (diamonds),  and  19.8 
K  (squares).  The  respective  H*  for  the  three  temperatures  are  3,  4.5, 
and  6  Tesla.  The  dashed  line  corresponds  to  a  slope  of  1 .5. 
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The  increased  thermal  conductivity  below  in  YBa2Cu307  ^  (YBCO)  is  shown  to  agree  with  the 
microwave  electrical  conductivity,  affirming  that  increase  is  due  to  quasiparticle  conduction 
The  field  dependence,  particularly  in  the  conducting  plane  permits  us  to  separate  phonon  am 
quasiparticle  contributions  for  both  YBCO  and  Tf2Ba2Cu06  single  crystals. 

KEY  WORDS:  thermal  conductivity;  Andreev  reflection;  vortex  lines;  mixed  phase 


A  characteristic  feature  of  the  cuprate  super¬ 
conductors  is  the  appearance  of  a  maximum  in  the 
thermal  conductivity  if(T)  in  the  vicinity  of  O.ST^.  The 
position  and  relative  magnitude  of  the  peak  is  very 
sensitive  to  sample  purity  and  quality,  reaching  a  value 
more  than  double  the  normal  state  thermal  conductivity 
in  untwinned  single  crystals  of  YBajCujO,.^.  An  early, 
and  very  natural,  explanation  for  this  effect  was  based 
on  the  well  known  BRT  calculation  for  conventional 
superconductors,  in  which  the  opening  of  the  super¬ 
conducting  gap  provides  a  "low  pass"  filter  for  pho¬ 
nons,  permitting  the  thermal  conductivity  to  reach  the 
value  it  would  achieve  in  the  absence  of  electron- 
phonon  coupling  [1],  However,  as  has  been  discussed 
elsewhere  in  the  literature  [2],  there  are  reasons  to 
doubt  this  scenario.  Insulating  phases  of  these  materials, 
whether  effected  by  oxygen  content  or  doping,  do  not 
achieve  thermal  conductivities  as  large  as  the  observed 
peak  values  [3],  suggesting  that  processes  other  than 
scattering  from  electrons  limit  the  phonon  mean  free 
path  [4],  Further,  the  thermal  conductivity  peak  is  sup¬ 
pressed  by  magnetic  fields  [1]  in  the  range  H,.,  «  H  « 
H,,2  and  by  certain  impurities  such  as  Zn  [5].  In  this 
paper  we  will  focus  on  the  field  dependence  and  on  the 
compatibility  of  the  thermal  conductivity  peak  and  the 
quasiparticle  electrical  conductivity  observed  in  micro- 
wave  measurements.  We  will  also  show  that  fields 
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applied  in  the  ab  plane,  for  which  the  vortices  are 
coreless  or  nearly  so,  reduce  the  thermal  conductivity 
at  low  temperatures  and  induce  a  four-fold  variation  of 
thermal  conductivity  as  the  field  is  rotated  in  the  plane. 

In  conventional  superconductors,  the  opening 
of  the  superconducting  gap  rapidly  decreases  the  density 
of  thermally  excited  quasiparticles  (qp’s),  causing  the 
electronic  thermal  conductivity  to  decrease.  There  is  no 
"coherence  peak"  observed,  such  as  occurs  in  the 
electrical  conductivity.  In  the  cuprates,  however, 
microwave  measurements  show  that  the  electrical 
conductivity  of  quasiparticles  in  the  superconducting 
state  increases  gradually,  without  a  coherence  peak, 
reaching  a  maximum  at  approximately  the  same  temper¬ 
ature  as  the  maximum  in  k:(T)  [6].  It  has  been  argued 
that  inelastic  electron-electron  scattering  processes 
dominate  the  normal  state  electrical  conductivity,  and 
that  these  are  rapidly  suppressed  in  the  superconducting 
state.  The  concomitant  increase  in  the  mean-free  path 
overcomes  the  decreasing  quasiparticle  density,  leading 
to  the  observed  maximum.  If  this  scenario  is  correct, 
then  the  quasiparticle  lifetime  below  T,,  will  be  dominat¬ 
ed  by  elastic  processes,  and  we  should  expect  the 
Wiedemann-Franz  law 

k®’(7)  =  TL^OjCT)  (1) 

to  hold,  where  /c®(T)  is  the  quasiparticle  contribution  to 
the  thermal  conductivity,  cr,(T),  the  normal-fluid 
electrical  conductivity,  and  Lo=  2.45x10'*  Wfi/m  K,  the 
Lorenz  number.  Quite  recently  [7],  the  electrical 
conductivity  has  been  measured  on  high  quality  un¬ 
twinned  samples  of  YBa2Cu307.x  with  microwave 
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Fig.  1.  a)  Triangles;  the  measured  a-axis  thermal  conductivity  after 
subtraction  of  the  phonon  contribution.  Nablas:  the  thermal  conduc¬ 
tivity  determined  from  the  microwave  electrical  conductivity  (Ref.  7) 
via  the  Wiedemann-Franz  law.  b)  The  same  along  the  b-axis. 


currents  directed  along  both  a-  and  b-axes.  In  Fig.  la, 
we  plot  the  microwave  conductivity,  converted  to 
thermal  conductivity  via  Eq.  (1)  along  with  previously 
published  data  for  the  a-axis  thermal  conductivity  on 
comparable  samples.  These  data  use  the  same  phonon 
background  subtraction  as  previously,  and  its  inadequa¬ 
cies  contribute  to  the  difference  between  the  two  data 
sets  at  low  temperatures;  otherwise,  the  agreement  is 
excellent.  However,  as  Fig.  lb  illustrates,  the  two  data 
sets  are  significantly  different  along  the  b-axis,  which 
includes  the  chain  contributions.  The  differences  may 


be  experimental  artifacts:  the  microwave  analysis 
involves  division  by  the  cube  of  the  penetration  depth  in 
the  relevant  directions,  and  small  errors  could  therefore 
lead  to  large  differences  in  the  two  directions.  In 
extracting  the  qp  thermal  conductivity,  the  same  phonon 
contribution  was  subtracted  from  both  data  sets,  but  is 
likely  to  be  different  for  a-  and  b-directions.  Possibly 
the  effect  is  real  and  reflects  a  smaller  Lorenz  number 
in  the  b-direction,  as  would  result,  for  example,  if 
scattering  in  the  chains  were  strongly  inelastic. 

The  field  dependence  of  the  thermal  conductiv¬ 
ity  peak  in  YBajCujO,.^  has  been  studied  by  a  number 
of  authors,  and  has  yet  to  find  an  explanation  within  a 
scenario  in  which  phonon  thermal  conductivity  domi¬ 
nates  [1].  The  reason  is  that  phonons  are  attenuated  by 
the  normal  electrons  within  vortex  cores,  and  these 
represent  a  negligible  volume  fraction  at  fields  at  which 
the  thermal  conductivity  peak  has  been  suppressed  to 
the  normal  state  value.  It  is  widely  known  in  conven¬ 
tional  type-II  superconductors  [8],  and  in  heavy  fermion 
systems  [9]  that  vortices  are  highly  effective  in  scatter¬ 
ing  quasiparticles,  reducing  the  mean-free  path  to 
essentially  the  vortex  spacing.  Tbie  dramatic  increase 
in  quasiparticle  mean  free  path  (estimated  to  be  as  large 
as  1  ^tm)  to  which  we  have  attributed  the  existence  of 
the  peak,  makes  the  peak  susceptible  to  any  process  that 
shortens  the  mean-free  path.  Fig.  2  shows  the  field 
dependence  observed  in  a  single  crystal  sample  of 
Tf2Ba2CuO,(.  We  have  shown  elsewhere  [10]  that  these 
data  can  be  fit  to  a  simple  expression  of  the  form 


k{h,T)  =  K^,(r) 


(2) 


Fig.  2.  The  field  dependence  of  the  thermal  conductivity  of  a  single 
crystal  sample  of  TljBajCuOg  with  the  field  along  the  c-axis.  (Ref.  10) 


The  Field  Dependence  of  the  Thermal  Conductivity 

Here  the  characteristic  field  is  H„  ==  where  f  is 

the  quasiparticle  mean  free  path  in  the  normal  state 
extrapolated  to  temperature  T  and  ^  is  the  coherence 
length  at  that  temperature.  This  is  smaller  than  the 
corresponding  expression  for  phonon  attenuation  by 
vortices  by  a  factor  10'^,  where  is  the  phonon 
mean  free  path  in  the  Meissner  phase.  At  the  fields 
used  in  the  experiments,  H/H^  <  0.1,  the  phonon 
effect  is  negligible.  A  separation  of  phonon  and 
quasiparticle  contributions  through  the  use  of  Eq.(2) 
demonstrates  a  monotonic  decrease  in  /Cp^  and  with  the 
peak  entirely  due  to  x^p  [10].  Similar  fits  can  be  made 
to  data  in  the  literature  for  YBCO,  but  there  are  too 
few  data  points  available  with  which  to  effect  a  similar 
separation. 

In  the  original  discussion  of  the  field  depen¬ 
dence  of  the  qp  thermal  conductivity,  Vinen  suggested 
scattering  of  quasielectrons  into  quasiholes  as  a  mecha¬ 
nism  for  the  effect  [8].  This  is  a  form  of  Andreev 
scattering  in  which  the  spatial  variation  of  the  superfluid 
velocity,  rather  than  that  of  the  gap  is  responsible.  [11] 
The  energy  of  a  thermal  excited  quasiparticle,  in  the 
presence  of  superfluid  flow  may  be  written  in  the 
laboratory  frame  of  reference  as 

where  the  qp  energy  in  the  superfluid  frame  is 

£/  =  \/(p2/2w*-Ki)2  +  A^  (4) 

and  A  is  the  gap,  which  may  be  momentum  dependent. 
The  constancy  of  the  laboratory-frame  quasiparticle 
energy  requires  the  superfluid-frame  energy  to  decrease 
(or  increase)  as  the  quasiparticle  enters  the  flow  field 
around  a  vortex.  At  the  point  Ep®  =  j  A] ,  the  quasi¬ 
particle  is  converted  to  a  quasihole,  reversing  its 


Kg.  3.  Sketch  of  the  conditions  for  Andreev  reflection  from  vortex 
screening  currents.  As  the  quasiparticle  approaches  the  edge  of  the 
vortex,  its  energy  in  the  superfluid  frame  reaches  the  gap,  at  which 
point  it  is  Andreev  reflected  back  along  its  incoming  trajectory. 
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motion  in  the  superfluid  frame  and  halting  its  contribu¬ 
tion  to  the  thermal  current.  [12]  Fig.  3  sketches  the 
contributions  to  the  energy  of  a  quasiparticle  whose 
trajectory  would  cause  it  to  pass  within  ^  of  the  vortex 
core.  This  Andreev-scattering  process  was  first  de¬ 
scribed  by  Ferrell  in  a  different  context  ]11]. 

Even  for  YBCO,  the  least  anisotropic  of  the 
cuprate  superconductors,  the  coherence  length  in  the  c- 
axis  direction  is  estimated  to  be  smaller  than  the  unit 
cell  dimensions.  Under  such  circumstances,  we  expect 
the  vortices  that  form  when  magnetic  fields  are  applied 
normal  the  c-axis  to  be,  to  a  large  extent,  coreless. 
Nonetheless,  such  fields  reduce  the  thermal  conductivi¬ 
ty.  The  same  processes  to  which  we  attribute  quasi¬ 
particle  scattering  for  c-axis  vortices  will  occur  for 
vortices  in  the  plane.  In  this  case,  however,  the 
screening  currents  are  normal  to  the  field  and  flow  in 
opposite  senses  on  successive  CuO  biplanes.  Andreev 
reflection  can  therefore  not  occur  if  the  quasiparticle 
momentum  is  parallel  to  the  field.  This  directionality 
provides  a  test  for  the  existence  of  nodal  lines  in  the 
gap  function. 


0  (degree) 


Kg.  4.  Thermal  conductivity  along  the  a-axis  of  an  untwinned  sample 
of  YBajCujO,  ^  at  10  K.  A  field  of  1.5  T  is  applied  perpendicular  to 
the  c-axis.  The  field  makes  an  angle  6  relative  to  the  a-axis. 

At  low  temperatures,  10  K  here,  those  quasi¬ 
particles  that  can  be  thermally  excited  will  have  crystal 
momenta  (and,  we  assume,  group  velocities)  primarily 
in  the  directions  of  the  nodes.  Fig.  4  shows  the  ther¬ 
mal  conductivity  of  an  untwinned  single  crystal  of 
YBajCujO,.,  versus  the  angle  6  of  the  in-plane  applied 
field.  The  temperature  gradient  is  applied  along  the  a- 
axis  of  the  crystal  and  6  is  measured  relative  to  it.  The 
thermal  conductivity  is  quite  obviously  four-fold;  the 
solid  line  is  a  fit  to  sin[4(0-5)] ,  with  6  a  misalignment 
angle.  Clearly,  k  is  larger  when  the  field  angle  is  an 
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odd  multiple  of  45°  than  it  is  when  along  the  principal 
crystal  axes.  Such  behavior  can  only  occur  if  there  are 
nodes  in  the  gap,  or  at  least  minima  «  kB(10  K),  in  the 
vicinity  of  |  |  =  |  ky  | ;  when  the  field  is  aligned  with  a 

nodal  direction,  those  quasiparticles  are  not  Andreev 
reflected,  and  the  thermal  resistance  is  lower.  Else¬ 
where  [12]  we  have  reported  the  results  of  a  model 
calculation  that  treats  Andreev  reflection  and  that  uses 
either  a  d^^.y,  or  an  , extended  s-wave  (two  node)  gap 
function.  Both  functions  give  a  qualitative  account  of 
the  effect.  However,  the  extended  s-wave  gap  requires 
that  the  mean-free  path  in  the  presence  of  vortices  be 
less  than  the  mean  separation  of  vortex  lines,  which 
seems  implausible.  The  d-wave  picture,  on  the  other 
hand,  requires  a  mean-free  path  greater  than  the  vortex 
spacing,  and  seems  to  give  a  better  quantitative  account 
of  the  effect. 

In  conclusion,  we  have  shown  that  the  increase 
in  thermal  conductivity  observed  in  cuprates  is  to  a 
large  extent,  perhaps  even  exclusively,  the  consequence 
of  a  rapid  increase  in  quasiparticle  mean  free  path, 
completely  consistent  with  observations  of  the  normal- 
fluid  electrical  conductivity.  We  have  identified  the 
mechanism  by  which  vortex  lines  sharply  reduce  the 
mean-free  path  at  low  fields,  and  have  exploited  it  to 
demonstrate  clearly  the  existence  of  nodes  in  the 
superconducting  gap.  The  data,  at  this  juncture,  cannot 
distinguish  between  a  d-wave  and  an  extended  s-wave 
gap  function. 
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Thermal  Conductivity  of  Zn,  Pr  and  Tb  doped  YBCO  Single  Crystals:  Theory  and 
Experiment 

P.  F.  Henning',  G.  Cao-,  J.  E.  Crow^,  W.O.  Putikka'^,  and  P.  J.  Hirschfeld^ 


The  thermal  conductivity  K(T)  vs  temperature  has  been  measured  for  (Y,Pr)Ba2Cu30^,  (Y,Tb)Ba2Cu30,  and  YBa,(Cu,Zn)30, 
single  crystals  from  10<T<280K.  For  YBa,CUjO,  (YBCO),  a  strong  enhancement  in  K(T)  is  observed  for  T<  with  a  peak 
in  K(T)  at  approximately  T  =  TJ2  with  a  sharp  change  in  slope  of  K(T)  at  T^.  These  results  are  similar  to  those  reported 
previously.  For  the  selectively  doped  YBCO,  the  peak  in  K(T)  is  shifted  to  lower  temperatures  and  occurs  at  T  =  20K 
independent  of  T^  and  the  impurity  concentration.  In  addition,  the  sharp  change  in  slope  of  K(T)  at  T^  is  not  apparent  for  the 
doped  crystals.  These  results  are  discussed  along  with  a  theoretical  model  for  electronic  conduction  including  both  impu¬ 
rity  and  inelastic  scattering  from  spin  fluctuations. 

Key  Words;  Doping;  Thermal  Conductivity 


Thermal  conductivity  K(T)  is  one  of  the  few 
DC  transport  properties  which  provides  informa¬ 
tion  on  the  quasiparticle  density  and  lifetime 
within  both  the  normal  and  superconducting  states. 
For  this  reason,  thermal  conductivity  studies  of 
the  high  superconductors  have  been  the  focus 
of  considerable  attention  [1,2]  and  these  studies 
have  revealed  many  interesting  features  which 
seem  to  be  common  to  most  of  the  high  cupric 
based  superconductors.  In  particular,  the  salient 
features  are  (i)  a  strong  sensitivity  to  composi¬ 
tion,  (ii)  a  sharp  rise  in  K(T)  below  with  a  peak 
in  the  vicinity  of  T72  and  (iii)  a  nearly  quadratic 
temperature  dependence  of  K(T)  as  T  approaches 
0. 

The  second  feature,  i.e.,  the  large  enhance¬ 
ment  of  K(T)  below  T^  followed  by  a  peak  and 
drop  in  K(T)  as  T  approaches  0,  has  attracted  most 
of  the  recent  attention  and  is  a  common  feature 
previously  reported  for  conventional  strong  cou¬ 
pling  superconductors,  e.g.,  lead  and  lead  alloys. 
Attempts  to  explain  this  feature  have  centered 
around  both  electronic  and  phononic  mechanisms 
[1,2].  In  this  paper,  we  present  new  data  from 
measurements  of  the  of  K(T)  from  10^<280K 
for  selectively  doped  YBa^Cu^O.^  (YBCO)  single 
crystals  along  with  a  theoretical  discussion  of  the 
T-  and  impurity  concentration  dependence  of  K(T) 
within  the  superconducting  state  using  a  model 


based  on  electronic  conductivity  with  both  impu¬ 
rity  and  inelastic  scattering  from  spin  fluctuations. 

Single  crystals  of  YBCO  doped  with  Pr, 
Tb  or  Zn  were  grown  using  standard  flux  growth 
methods.  Characterizations  of  single  crystals  are 
described  elsewhere  [4].  The  thermal  conductiv¬ 
ity  was  measured  using  a  standard  steady  state 
method. 

Y,.^Pr^Ba,Cu30,  (YPBCO)  [3],  Y,. 
Jb^BajCUjO,  (YTBCO)  [4]  and  YBa^CCu,. 

Zn^)^0^  (YBCZO)  [3]  were  selected  because  the 
impurities  interact  with  the  carriers  within  the 
CuOj-planes  in  different  but  complementary  ways. 
Zn^'^  with  its  filled  d-orbitals  and  spin  zero  prima¬ 
rily  substitutes  for  the  Cu-ions  within  the  CuO^ 
planes  and  causes  a  precipitous  drop  in  T^  with  T^ 
approaching  0  for  x^^~  0.10.  Whereas,  Pr'"^  sub¬ 
stitutes  for  the  Y-ions  which  is  located  between 
the  CuO^  planes  but,  unlike  most  of  the  other  rare 
earth  ions,  hybridizes  with  the  oxygen  p-holes  de¬ 
pressing  T^  to  0  with  x^_.~  0.55.  However,  Tb, 
which  also  substitutes  for  the  Y-ions  and  hybrid¬ 
izes  with  the  carriers  in  the  CuO^  planes,  does  not 
cause  a  shift  in  T^  [4]. 

Shown  in  Fig.  1  is  K(T)  normalized  to 
K(T^)  vs.  T  for  an  as-grown  YBCO  and  the  same 
crystal  after  it  was  given  a  high  pressure  oxygen 
anneal.  Both  crystals  have  a  sharp  normal-super¬ 
conducting  transition  in  the  vicinity  of  92K  and 
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K(T)  for  both  crystals  displays  a  sharp  change  in 
slope  of  K(T)  at  along  with  a  peak  which  shifts 
to  lower  temperatures  and  is  enhanced  with  in¬ 
creasing  oxygen  concentration.  This  data  is  typi¬ 
cal  of  previously  published  results  for  YBCO  and 
several  other  high  superconductors  with  the 
exception  that  the  peak  in  K(T)  is  typically  larger 
for  the  YBCO  systems  than  for  other  Cu-based 
high  systems  [1].  Primarily,  two  models,  one 
based  on  phononic  conduction  with  electron  and 
other  scattering  and  the  second  based  on  electronic 
conduction  with  electron  scattering,  have  been 
proposed  to  explain  this  data  and  both  models  can 
be  fit  to  published  data  with  reasonable  param¬ 
eters.  If  there  is  a  modest  electron-phonon  inter¬ 
action  and  the  primary  thermal  carriers  are 
phonons  then  a  peak  can  be  explained  within  the 
Bardeen,  Rickayzen  and  Tewordt  (BRT)  theory 
[1]  due  to  an  increase  in  the  phonon  mean  free 
path  driven  by  a  decrease  in  electron  scattering  as 
the  pairs  condense  into  the  superconducting 
ground  state.  Within  this  model  and  as  T  contin¬ 
ues  to  decrease,  K(T)  eventually  decreases  due  to 
the  decrease  in  phonon  density  along  with  the 
dominance  of  other  scattering  mechanisms.  An 
alternative  model  for  the  electronic  thermal  con¬ 
ductivity  will  be  presented  later  in  this  paper.  It  is 
likely  that  an  explanation  of  the  data  on  both  pure 
and  doped  samples  will  require  a  combination  of 
both  theories. 

Shown  in  Fig.  2a  is  K(T)  for  Y, 
^Pr^Ba^CUjO,  for  x=0.15  and  x=0.35  vs.  T  along 
with  K(T)  vs.  T  for  YBa^CCu,  ^Zn^)30.^forx=0.03 
in  Fig.  2b.  Also  shown  by  the  arrows  in  Fig.  2  are 
for  these  three  samples  as  determined  from  both 
transport  and  susceptibility  measurements.  First, 
it  should  be  noted  that  the  sharp  break  in  the  slope 
of  K(T)  at  is  not  evident  for  any  of  the  doped 
samples  shown.  This  feature  is  better  seen  in  Fig. 

3  where  K(T)  normalized  to  K(T^)  vs.  T/T^  for 
YBCO  and  YPBCO  with  x=0.15  is  shown  on  an 
expanded  temperature  scale.  The  BRT  model, 
without  modification  of  parameters  to  account  for 
possible  impurity  broadening  of  the  superconduct¬ 
ing  gap,  predicts  a  pronounced  change  in  the  slope 
of  K(T)  at  T^  as  T^  is  depressed.  This  prediction  is 


not  evident  in  the  data  presented  here.  In  addi¬ 
tion,  the  peak  in  K(T)  for  all  samples  shown  in 
Fig.  2  occurs  in  the  vicinity  of  20K  independent 
of  T^(x),  the  type  of  impurity  and  the  concentra¬ 
tion  of  impurities.  The  apparent  x-independence 
of  the  temperature  where  the  peak  in  K(T)  occurs 
is  also  inconsistent  with  predictions  from  either 
the  BRT  theory  or  the  electronic  conduction  model 
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Figure  1 :  K  (T)  normalized  to  K  (Tc)  V5.  Tfor  on  gs- 
grown  crystal  (A)  and  the  same  crystal  02  annealed. 

to  be  presented,each  taken  seperately.  The  K(T) 
behavior  reported  here  for  Zn  and  Pr  doped  YBCO 
is  very  similar  to  that  reported  for  the  electronic 
doped  high  T^  superconductor,  (Nd,Ce)2Cu0^j,  [5] 
where  the  peak  in  K(T)  was  attributed  to  normal 
K(T)  behavior  without  any  evidence  of  supercon¬ 
ductivity  on  K(T).  These  features,  i.e.,  the  shift¬ 
ing  of  the  peak  in  K(T)  to  T=  20K  and  the  depres¬ 
sion  in  the  change  in  slope  of  K(T)  at  T^  do  not 
occur  in  YTBCO  with  x  =0.30  and  thus  these  dif¬ 
ferences  driven  by  Zn  and  Pr  doping  reflect  dra¬ 
matic  changes  in  the  quasiparticle  excitations 
leading  to  the  features  reported  for  pure  YBCO. 

Shown  in  Fig.  4  is  K(T)  vs.  T  for  YPBCO 
for  X  =  0.60  and  1.00.  Both  of  these  crystals  are 
non-superconducting  and  have  a  very  high,  semi¬ 
conducting-like  T-dependent  resistivity.  The  im¬ 
portant  features  to  be  noted  are  (i)  the  broad  peak 
in  the  high  temperature  portion  of  K(T)  which  was 
not  evident  in  YBCO  or  the  superconducting 
YPBCO  and  YBCZO  crystals  and  (ii)  the  peak  in 
K(T)  developing  in  the  vicinity  of  T  =  20K,  the 
same  temperature  where  the  peak  is  seen  in  the 
other  doped  but  superconducting  YBCO,  see  Fig. 
2.  This  result  coupled  with  the  concentration  in¬ 
dependence  of  this  peak  leads  us  to  believe  that 
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the  K(T)  behavior  shown  in  Fig.  2  is  not  due  to 
superconductivity  and  is  not  a  reflection  of  the 
mechanisms  leading  to  the  peak  reported  for  pure 
YBCO. 

In  view  of  these  striking  observations, 
it  is  clear  that  the  Pr  and  Zn  doped  YBCO  indeed 
differ  markedly  from  the  pure  YBCO,  indicating 
dramatic  changes  in  the  quasiparticle  excitations. 
Thus,  without  modification  of  parameters  to  ac¬ 
count  for  the  scattering  due  to  impurities,  it  would 
be  difficult  for  any  models,  such  as  purely  phonon 


TanpeolUK  (K) 

Figure  2:  K  (T)for  (a)  PECO  with  x=0.15,  0.35  and  (b) 
YBCZwithx=0.03. 


Figure  3:  K  (T)/K  (Tc)for  YBCO  and  YPBCO  with  x=0. 15 
near  Tc. 

or  electron  models,  to  predict  the  behavior  shown 
here.  As  an  attempt  to  understand  thermal  con¬ 
ductivity  in  high  systems  in  general,  and  the 
impurity  doped  YBCO  in  particular,  we  present 


here  an  alternative  model  which  has  been  success¬ 
ful  in  describing  many  of  the  features  of  the  elec¬ 
tronic  conductivity  in  the  superconducting  state 
[6,7].  The  discussion  is  focused  on  the  electronic 
part  of  the  thermal  conductivity. 

In  this  model,  we  assume  the  existence 
of  a  dx2-y2  pair  state  of  the  form  Ak  =AoCOs2(p 
over  a  circular  2D  Fermi  surface.  Quasipar¬ 
ticles  excited  above  this  ground  state  are  scat¬ 
tered  with  total  rate  l/t=l/Timp+l/'t(p,  where 
1  / ximp  is  the  relaxation  rate  due  to  potential 
scatterers  (impurities),  and  1  /  X(pdescribes  the 
rate  of  scattering  by  inelastic  processes  (spin 
fluctuations).  Details  are  given  in  Refs.  6,  7. 

This  model  is  capable  of  describing 
several  aspects  of  recent  microwave  studies 
on  pure  and  Zn-doped  YBCO  single  crystals. 
As  an  example,  we  reproduce  in  Fig.  5  the 


Figure  4:  K  (T)  max  vs.  T for  YPBCO  with  x=0.6  and  1. 

electronic  conductivity  ai(co,T)  calculated 
within  the  model  [6]  compared  to  the  data  of 
Ref.  10  on  an  untwinned  YBCO  single  crys¬ 
tal.  In  particular,  the  height  and  position  of 
the  conductivity  peak  thought  to  character¬ 
ize  good  samples  are  well  described  by  the 
theory.  This  is  true  at  higher  frequencies  and 
impurity  concentrations  as  well,  although  the 
low-temperature  linear-T  variation  of  the 
electrical  conductivity  is  not  correctly  pre¬ 
dicted  by  the  theory  [6]. 

It  is  interesting  to  compare  the  pre¬ 
dictions  of  the  same  model  for  the  electronic 
thermal  conductivity.  A  similar  peak  is  to  be 
expected  for  both  quantities,  since  such  a 
peak  inevitably  results  from  the  competition 
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between  a  scattering  rate  which  collapses  be¬ 
low  Tc  but  saturates  at  low  temperatures,  and 
a  density  of  charge  carriers  which  decreases 
(linearly  in  the  d-wave  case)  with  the  tem¬ 
perature  for  T«Tc.  Salamon  et  al.  [11]  have 
in  fact  reported  measurements  on  high  pu¬ 
rity  YBCO  crystals  exhibiting  a  scaling  of 
ai(T)  and  K(T)/T  in  the  superconducting 
state  similar  to  the  Wiedemann-Franz  scaling 
expected  for  normal  metals,  suggesting  that 
the  thermal  conductivity  in  such  samples  is 
primarily  electronic. 

We  evaluate  Kel  using  a  Kubo  for¬ 
mula  for  the  heat-current  response  similar  to 
the  original  treatment  for  an  s-wave  super¬ 
conductor  [12].  The  generalization  to  uncon¬ 
ventional  states  has  been  discussed  previ¬ 
ously  by  several  groups  [8,9,13,14].  In  Fig.  6, 
we  plot  Kel(T)  for  two  values  of  the  normal 
state  impurity  scattering  rate  1  / timD,N  (the 


Figure  5:  cr/o'/T' J  V5.  77T 


Figure  6:  KJ/KJvs.  T/T 

Hubbard  model  parameters  entering  the  in¬ 
elastic  rate  have  been  fixed  by  fits  to  normal 
state  quantities,  and  are  thus  not  regarded  as 
adjustable).  While  the  size  and  position  of  the 
peak  in  the  "clean"  example  (1/ 
'timp,NTc=0.0016)  is  roughly  consistent  with 


measurements  on  nominally  pure  YBCO 
crystals,  including  those  reported  here,  we 
observe  that  the  effect  of  increasing  the  im¬ 
purity  concentration  within  the  theory  is  to 
cut  off  the  collapse  of  the  inelastic  scattering 
rate.  This  leads  to  a  shift  in  the  peak  to  higher 
reduced  temperatures  T/Tc.  The  model's  pre¬ 
dictions  for  clean  limit  transport  properties 
shown  in  the  figure  are  sufficient  to  under¬ 
stand  the  peak  in  K(T)  in  the  pure  YBCO 
samples,  as  well  as  the  observed  approxi¬ 
mated  Wiedemann-Franz  scaling  of  K(T)/T 
with  a  (T)  [11]. Since  the  high  temperature 
peak  in  Kel(T)  predicted  in  the  "dirty"  case 
is  not  observed,  however,  it  appears  that 
Kph(T)  dominates  Kel  iri  the  doped  samples 
over  the  entire  temperature  range.  The  20K 
peak  in  the  non-superconducting  YPBCO 
samples  further  suggests  that  this  behavior 
of  Kph(T)  is  only  weakly  influenced  by  pair 
correlations. 
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Measurements  of  the  in-plane  (k^)  and  out-of-plane  (kJ  thermal  conductivity  for  insulating  cu¬ 
prate  crystals  are  discussed  along  with  new  measurements  for  YBa^GUjO^  and  ErBa^GUjOj,  where 
both  and  k,  are  twice  the  magnitude  previously  reported  for  this  material.  An  unusual  tempera¬ 
ture  (T)  dependence  of  in  cuprates  with  apical  oxygen  indicates  the  onset  of  strong  phonon 
damping  for  T  <  200-250K.  Along  with  dielectric  and  elastic  anomalies  reported  in  this  regime, 
the  data  suggest  the  occurrence  of  a  structural  phase  transition,  involving  rotations  of  the  CuO 
polyhedra  about  an  in-plane  axis.  The  role  of  such  local  distortions  in  the  thermal  transport  of  su¬ 
perconducting  compounds  and  the  superconducting-state  enhancement  of  are  discussed. 


KEY  WORDS:  Cuprates;  heat  conductivity;  phonon  scattering;  apical  oxygen;  structural  phase  transition. 


1.  INTRODUCTION 

Experimental  efforts  over  the  past  several  years 
have  revealed  systematic  behaviors  of  the  in-plane 
transport  coefficients  in  the  cuprates  as  functions  of 
temperature  and  doping.  The  experimental  record  for 
in-plane  thermal  conductivity,  k,^  [1],  is  considerably 
less  complete.  Even  in  superconducting  YBa^GujO^^,  by 
far  the  most  widely  studied  material,  the  temperature 
dependence  of  k,^  in  the  normal  state  of  high-quality 
crystals  shows  substantial  variability  and  doping- 
dependent  studies  are  rare.  The  enhancement  of  in 
the  superconducting  state  has  attracted  considerable  at¬ 
tention  [2-6]  for  what  it  may  imply  about  the  quasipar¬ 
ticle  spectrum,  but  the  absence  of  any  direct  means  by 
which  to  separate  electron  and  phonon  contributions  to 
the  heat  flow  makes  interpretations  of  this  phenomenon 
inconclusive. 

Measurements  of  in  insulating  cuprates  [6,7] 
should  help  to  place  limits  on  the  phonon  contribution 
and  phonon  scattering  mechanisms  relevant  to  super¬ 
conducting  compositions.  Here  we  present  measure¬ 
ments  of  insulating  YBajCUjO^^  (YBC06-(-x)  and 
PrBajCUjO^^  (PBC06-fx)  crystals  which  demonstrate  an 
anomalous  decrease  in  the  in-plane  thermal  conductivity 
for  temperatures  below  200K.  Comparison  of  the  pres 
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ent  results  with  previous  data  on  other  materials  sug¬ 
gests  that  the  anomalous  behavior  is  generic  to  insulat¬ 
ing  cuprates  with  apical  oxygen,  and  is  associated  with 
local  structural  distortions  of  the  CuO  polyhedra.  Light 
oxygen  doping  in  YBCO  (x<0.1)  reveals  a  sensitivity  of 
the  phonon  damping  to  basal-plane  charge,  and  pro¬ 
vides  new  insight  into  the  behavior  of  k,^  in  supercon¬ 
ducting  compounds. 

2.  EXPERIMENTAL 

The  crystals  were  grown  by  a  self-decanting  CuO 
flux  method  [8]  and  subsequently  annealed  in  flowing 
argon  or  dynamic  vacuum  at  650C  for  several  days,  fol¬ 
lowed  by  quenching  to  room  temperature.  X-ray  dif¬ 
fraction  analysis  of  a  YBCO  crystal  indicated  a  c-axis 
lattice  constant  c=11.8364A.  From  a  comparison  with 
studies  of  c  vs  oxygen  content  in  polycrystals  [9,10]  we 
estimate  x=0.05.  k,^  was  measured  using  a  steady-state 
technique,  employing  a  small  heater  and  25|xm  differen¬ 
tial  chromel-constantan  thermocouple.  For  the  out-of- 
plane  measurement  (kJ  the  specimen  was  epoxied  be¬ 
tween  two  sapphire  chips  with  a  corner  exposed,  and 
thermocouple  junctions  glued  to  the  exposed  crystal 
faces.  This  technique  is  similar  to  that  used  by  Hagen  et 
al.  [7].  In  some  cases  silver  strips  were  vapor-deposited 
on  the  crystal  and  electrical  resistivity  and  thermopower 
measured  simultaneously  with 
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3.  DATA  AND  DISCUSSION 

3.1.  Survey  of  in  Insulating  Cuprates 

Shown  in  Fig.  1  are  (T)  data  for  YBC06, 
PBC06,  Nd,CuOJll]  (NCO),  La,CuO,[12]  (LCO),  and 
PBC07  [13].  NCO  exhibits  classical  dielectric  behavior, 
with  a  sharp  peak  at  low  T  and  nearly  1/T  dependence 
at  high  T,  both  characteristic  of  phonon-phonon  relaxa¬ 
tion.  Qualitatively  similar  results  have  been  reported 


T(K) 


Fig.  1.  In-plane  thermal  conductivity  for  various  cuprate  crystals. 

for  isostructural  Pr^CuO^  [14].  No  anomaly  is  observed 
near  the  expected  Neel  temperature  for  this  compound 
(T,,  ~260-280K),  indicating  that  at  these  temperatures 
the  antiferromagnetic  ordering  has  no  substantial  effect 
on  the  heat  flow  [6]. 

YBC06,  PBC06,  and  LCO  have  comparable  in 
magnitude  to  NCO  near  room  temperature,  but  at  low-T 
have  values  an  order  of  magnitude  smaller.  The  tempera¬ 
ture  dependence  is  anomalous,  with  two  maxima  (at  low 
and  high  T)  and  a  minimum  at  80-100K.  PBC07  shows 
similar  features  but  k,j,  is  further  suppressed,  particularly 
at  low  T  where  the  maximum  is  replaced  by  a  shoulder 
near  20K.  We  conclude  that  an  additional  phonon 
damping  mechanism  operates  below  T~200-240K  in 
these  materials.  These  new  results  for  YBC06  and 
PBC06,  which  have  T^~415K  [15]  and  325K  [16],  re¬ 
spectively,  indicate  that  the  unusual  behavior  is  unre¬ 
lated  to  the  onset  of  antiferromagnetic  order.  Interest¬ 
ingly,  the  out-of-plane  thermal  conductivity  (Fig.  2) 
shows  no  such  anomaly,  suggesting  that  the  additional 
scattering  is  weaker  or  absent  for  c-axis-propagating 
phonons. 
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Fig.  2.  Out-of-plane  thermal  conductivity  for  LCO  and  YBCO. 

It  is  tempting  to  correlate  this  k,^(T)  anomaly  with 
the  known  structural  difference  between  these  materials 
and  those  of  T'  structure  (NCO  and  PCO).  We  hy¬ 
pothesize  that  the  damping  anomaly  is  associated  with 
vibrations  involving  apical  oxygen,  a  point  we  return  to 
below. 

3.2.  Oxygen  Doping  and  Hysteresis  in  YBCO 

Further  insight  into  the  nature  of  the  damping 
anomaly  is  provided  by  measurements  of  YBCO  crystals 
which  reveal  (T)  to  be  very  sensitive  to  oxygen  con¬ 
tent  and  hysteretic.  Shown  in  Fig.  3  are  data  for  three 
crystals  with  slightly  different  oxygen  content;  the 
damping  is  diminished  with  increasing  x,  especially  at 
low  T  where  a  sharp  peak  develops.  Crystal  #1  in  the  as- 
prepared  state  (also  shown  in  Fig.  1)  is  assigned  an  oxy¬ 
gen  content  of  6.05.  This  sample  and  a  second  crystal 
(#2)  were  subsequently  annealed  at  300°C  in  air  for  4H 


T(K) 


Fig.  3  k.^(T)  for  two  YBCO  crystals  showing  oxygen  sensitivity  and 
hysteresis. 
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to  attach  electrical  leads  for  measurements  of  resistivity 
and  thermopower.  These  data  (Fig.  4)  indicate  that 
crystal  #2  has  a  higher  oxygen  content  than  crystal  #1. 
Comparison  with  the  thermopower  data  of  Obertelli  et 
al.  on  polycrystals  [17]  (Fig.  4,  lower  panel)  implies  that 
both  of  these  crystals  have  x<0.13.  The  thermal  conduc¬ 
tivity  data  suggest  that  following  the  anneal,  crystal  #1 
had  slightly  more  oxygen  than  in  the  as-prepared  state. 


T(K) 


T(K) 


Fig.4  In-plane  electrical  resistivity  and  thermopower  for  the  (wo  an¬ 
nealed  YBCO  crystals. 

3.3  Structural  Phase  Transition 

We  believe  that  the  anomalous  k,^(T)  data  are  best 
understood  as  the  manifestation  of  a  displacive  phase 
transition  (DPT)  with  onset  at  Ts  250K.  This  hypothe¬ 
sis  is  supported  by  studies  of  the  dielectric  constant  [18] 
and  elastic  properties  [19]  which  indicate  anomalies  for 
YBC06  in  this  temperature  range,  consistent  with  a 
DPT  of  first  order.  Similar  anomalies  have  been  widely 
reported  near  200 K  for  many  superconducting  cuprates 
[20],  suggesting  that  the  behavior  is  the  signature  of 
a  more  general  phenomenon  in  these  materials. 
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A  DPT  is  also  suggested  by  the  striking  similarity 
between  the  k,,,  anomaly  observed  here  and  that  ob¬ 
served  in  the  thermal  conductivity  of  SrTiOj  at  tempera¬ 
tures  near  its  cubic-tetragonal  transition  at  106K  [21]. 
There  the  phase  transition  is  a  classic  soft-mode  phe¬ 
nomenon,  characterized  by  rotations  of  the  TiO^  octahe- 
dra  about  a  cube  axis. 

Rotations  of  the  CuO^  octahedra  about  an  in-plane 
axis  are  associated  with  the  well-known  HTT-LTO 
phase  transition  in  LCO  near  500K.  There  are  indica¬ 
tions  that  an  instability  against  further  tilts  persists  in 
the  LTO  phase  [22].  For  YBCO,  anomalies  in  the  local 
structure  associated  with  apical  oxygen  have  been  ex¬ 
tensively  discussed  [23],  and  only  quite  recently  an  in¬ 
stability  against  in-plane  tilts  of  the  CuOj  pyramid  has 
been  identified  in  the  average  structure  [24]. 

An  emerging  picture  for  the  various  anomalies  is 
that  a  local  structural  transition  involving  in-plane  tilts 
of  the  CuO  polyhedra  occurs  in  domains  smaller  than 
lOOA  in  extent.  Presumably  the  coupling  between  these 
distortions  and  the  elastic  strain  gives  rise  to  tempera¬ 
ture  dependent  acoustic  mode  velocities  and  enhanced 
damping  as  reflected  in  the  k,^  and  elastic  anomalies. 
This  interpretation  is  consistent  with  the  nonobservance 
of  such  anomalies  in  NCO  (without  apical  oxygen)  in 
spite  of  observations  of  a  soft  mode  involving  rotation 
of  the  CuO^  squares  about  the  c-axis  [25]. 

The  coexistence  of  distorted  and  undistorted  re¬ 
gions  within  the  crystals  implies  the  presence  of  domain 
walls.  The  hysteresis  (Fig.  3)  may  be  associated  with 
displacement  of  these  phase  interfaces,  possibly  driven 
by  the  motion  of  oxygen  atoms  [19]  and  their  local  or¬ 
dering  in  the  basal  planes. 

3.4  The  Superconducting-State  Enhancement  of 

Our  new  results  for  insulating  specimens  have  a  di¬ 
rect  bearing  on  interpretations  of  the  normal-state  in 
superconducting  compounds  and  its  enhancement  in  the 
superconducting  state  [13,26].  It  has  been  argued  [6,27] 
that  a  phononic  origin  of  the  superconducting-state  en¬ 
hancement  is  incompatible  with  the  observation  that  k.,, 
in  the  superconductor  exceeds  that  of  the  insulator.  This 
argument  presumes  that  the  lattice  heat  conductivity  (kJ 
in  the  insulator  and  superconductor  differ  only  by  the 
additional  phonon-electron  scattering  in  the  latter.  This 
argument  must  be  reexamined  in  light  of  the  anomalous 
phonon  damping  reported  here  for  the  insulators  and  its 
likely  importance  in  superconductors  as  well.  In  particu- 
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lar,  the  data  in  Fig.  3  suggest  that  this  damping  is  weaker 
in  YBC07.  Thus  in  the  absence  of  phonon-electron 
scattering,  we  expect  to  be  larger  in  YBC07  than  in 
YBC06. 

Furthermore,  there  is  clear  evidence  that  the  CuO 
tilts  are  coupled  to  the  superconductivity  [24,28].  An 
abrupt  reduction  in  tilt  amplitude  for  T<T^  is  indicated 
[24].  According  to  our  proposition  that  the  tilt  distor¬ 
tions  give  rise  to  substantial  phonon  damping,  their 
“relaxation”  in  the  superconducting  state  should  enhance 


Interpretations  of  the  enhancement  in  the  cuprates 
must  address  the  experimental  results  summarized  in 
Fig.  5:  1)  the  maximum  in  for  fully  oxygenated 
YBCO  is  substantially  larger  than  in  other  cuprates,  and 
2)  the  enhancement  is  highly  sensitive  to  chain  oxygen 
for  nominally  “90K”  YBCO.  The  YBCO  compounds 
are  a  special  case  among  cuprates  because  superconduc¬ 
tivity  can  extend  to  the  chain  layers  via  the  proximity  ef¬ 
fect  when  they  are  free  of  disorder  [29,30].  Because 
chain-layer  charge  couples  to  the  structural  anomaly 
(Fig.  3),  it  is  possible  that  the  relaxation  of  local  distor¬ 
tions  occurs  exclusively  or  is  enhanced  in  the  supercon¬ 
ducting,  ordered  chain  regions.  This  scenario  suggests  a 
contributing  rote  of  the  local  structure  in  the  oxygen  de¬ 
pendence  of  the  enhancement. 
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Fig.  5  Maximum  values  of  (at  TJ,  normalized  to  values  at  T^,  vs 
normalized  temperature  for  superconducting  cuprate  crystals  from  the 
literature.  All  YBCO  are  nominally  90K  superconductors.  The  dashed 
line  represents  a  relative  enhancement  of  1.15. 
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The  dc  current-voltage  {I-V)  relation  along  the  c-axis  of  single  crystalline  BijSrjCaCujOg^j  has 
been  measured  in  magnetic  fields  parallel  and  perpendicular  to  the  c-axis.  In  zero  field  a  clear  and 
sharp  jump  with  large  hysteresis  in  the  I-V  curve  was  observed,  indicative  of  the  dc-Josephson 
effect.  In  magnetic  field  below  a  characteristic  field  5*“0.4  T  (at  T=0  K)  parallel  to  the  c- 
axis  the  magnetic  field  suppresses  the  hysteresis  and  reduces  the  critical  current  4  drastically, 
whereas  above  B*  the  I-V  curve  becomes  broad  and  featureless  behavior.  The  characteristic  field 
scale  B*  can  be  interpreted  as  an  energy  scale  of  the  Josephson  coupling  between  superconducting 
layers  in  Bi2Sr2CaCu20g,.5  and  is  argued  with  emphasis  on  the  correlation  length  of  pancake  vortices 
in  this  system. 


KEY  WORDS;  Josephson  coupling,  layered  superconductor,  inter-layer  coupling 


1.  INTRODUCTION 

There  has  been  a  growing  interest  in  the  nature 
of  the  layered  superconductivity  with  extremely  weak 
coupling  between  the  layers,  where  the  superconducting 
order  parameter  is  expected  to  be  confined  within  the 
layers.  This  situation  results  in  the  modulated  order 
parameter  perpendicular  to  the  layers  and  leads  to  a 
highly  inhomogeneous  superconducting  state.  In 
previous  studies  high  superconductors  such  as 
Bi2Sr2CaCu20g+j  have  been  considered  as  a  excellent 
candidate  to  investigate  two  dimensionality  and  the 
nature  of  coupling  between  layers. 

The  purpose  of  this  paper  is  to  present  recent 
results  of  our  study  on  the  nature  of  coupling  between 
superconducting  layers  in  high  quality  single  crystalline 
Bi2Sr2CaCu208+j  by  measuring  the  current-voltage  Q-V) 
relation  in  magnetic  fields  both  parallel  and 
perpendicular  to  the  superconducting  layers.  The  results 
show  that  the  I-V  curves  are  highly  non-linear  with 
large  hysteresis,  which  was  previously  interpreted  as 
evidence  of  the  dc-Josephson  effect[l,2].  The  main 
characteristic  features  of  the  7- K  curves  observed  for  the 
field  perpendicular  to  the  layers  are  similar  to  that  of 
field  parallel  to  the  layers.  However,  the  characteristic 
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field  scale  B*  is  several  times  larger  in  the  latter  case, 
indicating  a  higher  energy  scale  for  the  field  parallel  to 
the  layer  orientation.  The  magnetic  field  dependence  of 
the  critical  current  density  along  the  c-axis,  7/, 
decreases  exponentially,  confinning  the  Josephson  type 
of  coupling  between  the  layers.  Because  of  this  fact,  // 
at  high  fields  diminishes  so  rapidly  with  Increasing 
magnetic  field  that  the  aitical  current  density  along  the 
ab-plane,  J^,  cannot  be  supported  by  This  strongly 
suggests  that  validity  of  the  brick-wall  model  [3]  for  the 
explanation  of  high//’’ in  polycrystal  materials  is  clearly 
disproved  and  the  other  model  such  as  the  rail-way 
switch  model  [4]  may  be  more  appropriate. 

2.  I-V  CHARACTERISTICS  ALONG  c-AXIS  IN 
MAGNETIC  FIELDS 

The  I-V  characteristics  along  the  c-axis  have 
been  measured  at  various  temperatures  between  100  K 
and  4.2  K  in  both  cases  where  the  magnetic  fields  are 
applied  parallel  to  and  perpendicular  to  the 
superconducting  CUO2  plane.  The  typical  example  of  the 
temperature  dependence  of  the  I-V  curves  in  zero  field 
is  presented  in  Fig.  1  from  just  below  down  to  4.2  K. 
As  the  temperature  decreases  the  jump  in  the  voltage 
with  sharp  peak  which  occurs  with  increasing  current  at 
//„p  shifts  rapidly  toward  higher  currents.  When  the 
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0  40  80  120 
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Fig.  1.  The  zero-field  I-V  characteristics  of  the  c-axis  in  single 

crystalline  BijSrjCaCujOj^j  at  various  temperatures. 

current  is  reversed  at  J>J^up  *he  voltage  does  not  come 
back  the  same  trace  to  zero  at  but  keeps  a  high 
level  down  to  a  current  level  close  to  about  38  %  of 
//„p,  which  is  independent  of  temperature.  At  low 
temperatures  below  about  50  K,  the  voltage  has  a 
tendency  to  further  increase  as  J  is  decreased.  This 
phenomenon  is  also  found  to  become  more  pronounced 
in  the  measurement  in  magnetic  fields.  The  dynamic 
resistance,  r=dVldI,  therefore,  becomes  highly  non-linear 
with  respect  to  the  cuiTent  level  and  shows  even  negative 
at  reversed  current  region  below  about  50  K.  It  is  noted 
that  the  constant  bias  slope  in  the  l-V  curves  seen  in 
Fig.  1  and  also  in  all  other  figures  shown  below  is  due 
to  the  contact  resistance.  As  is  also  clearly  seen  in  Fig. 
1  the  resistivity  at  a  constant  temperature  above  //„p  is 
also  non-linear:  it  becomes  considerably  smaller  at  the 
higher  current  level.  As  a  consequence,  this  non-linear 
effect  of  the  resistivity  has  carefully  to  be  taken  into 
account  to  analyze  the  resistivity  data. 

The  normalized  critical  current,  //„p,  is  plotted 
in  Fig.  2  for  two  independent  samples  (A  and  B)  as  a 
function  of  temperature  and  compared  with  the 
conventional  theory  of  Ambegaokar  and  Baratoff  for  the 
Josephson  junction  with  the  assumption  of  Ai»A2.  The 
agreement  is  not  so  excellent,  probably  because  the 
normal  state  resistivity  has  both  strong  temperature  and 
current  dependence.  It  is  noted  that  the  sample  A  seems 
to  be  slightly  in  the  over-doped  region,  while  the  sample 
B  is  approximately  at  the  optimum  doped  region. 

In  magnetic  fields  perpendicular  to  the 
superconducting  CuOj  plane,  the  I-V  curves  change  the 


0.0  0.2  0.4  0.6  0.8  1.0 

T/T^ 

Fig.  2.  The  normalized  //  of  single  crystalline  BijSrjCaCujO^j  in  zero 
field  for  two  samples  A  and  B  (see  text). 

character  drastically.  The  change  mostly  occurs  below 
a  characteristic  field  B*,  where  the  jump  with  sharp 
spike  in  the  I-V  curve  in  zero  field  rapidly  shifts  toward 
lower  currents  in  magnetic  fields  without  losing 
sharpness  of  the  transition.  The  example  at  78.88  K  is 
shown  in  Fig.  3.  On  the  contrary  to  the  shift  of  the 
transition  of  the  I-V  curve  at  (while  J  is 

decreasing)  does  not  shift  but  shows  a  slight  tail 
(broadening)  at  the  foot  of  the  transition.  Therefore,  the 


Fig.  3.  The  I-V  characteristics  along  the  c-axis  in  single  crystalline 
BiiSrjCaCujOj^j  at  78.88  K  at  various  magnetic  fields. 
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hysteresis  in  the  I-V  curve  tends  to  close  as  the  field  is 
increased  to  5*.  It  is  noted,  however,  that  the  hysteresis 
with  respect  to  the  current  does  not  close  completely 
even  at  very  high  fields,  probably  because  the  large 
capacitive  coupling  in  the  junction.  Above  B*  the 
transition  becomes  just  smeared  and  the  I-V  curve 
asymptotically  approaches  the  nomial  state  I-V  curve. 
In  Fig.  3  the  resistance,  i?=(5I737)[_Q,  is  confirmed  to  be 
zero  below  the  irreversibility  field  of  jBijj=0.005  T,  and  it 
gradually  increases  as  the  field  is  increased.  It  appears 
that  there  is  no  discontinuity  of  the  resistance  R  at  B* 
within  the  experimental  accuracy.  This  fact  as  well  as 
no  anomaly  observed  in  magnetization  curve  at  B* 
indicates  that  the  transition  is  not  sharp  phase  transition, 
rather  it  may  be  related  to  some  kind  of  crossover,  such 
as  the  one  from  correlated  vortex  liquid  state  to 
unconelated  vortex  liquid  state. 


0  1  2  3  4  5  6 

B(T) 


Fig.  4.  The  I-V  characteristics  of  the  c-a.xis  in  single  crystalline 

BijSrjCaCujOj^j  at  4.  248  K  at  various  magnetic  fields. 

When  the  temperature  is  lowered  below  about 
50  K,  the  I-V  curves  begin  to  show  additional  features 
well  above  B*.  In  this  region  the  I-V  curve  does  not 
have  a  sigirificant  hysteresis  but  exhibits  a  broad  peak  at 
low  current  region.  This  behavior  is  shown  in  Fig.  4. 
Here,  the  set  of  I-V  curves  at  various  magnetic  fields 
was  obtained  at  4.248  K.  This  anomalous  peak  in  the  /- 
V  curve  can  not  be  interpreted  by  a  conventional 
Josephson  junction  model  and  a  new  theoretical 
explanation  has  to  be  developed  to  account  for  the 
behavior.  At  higher  current  above  the  peak  the  dynamic 
resistance,  r,  has  a  significant  negative  value,  which  was 
pointed  out  above  in  the  case  of  the  zero  field  I-V 


Fig.  5.  The  c-axis  critical  current  densities  of  single  crystalline 

Bi2Sr2CaCu208,5  at  29.984  K,  The  superscript  "peak" 

means  the  value  at  the  peak  of  J/. 

curves. 

Another  feature  especially  seen  at  low 
temperatures  is  the  broad  foot  m  the  nhiddle  range  of  the 
field  above  B*  but  below  a  few  Tesla.  This  behavior  is 
not  well  reproducible  and  often  consists  of  several  sharp 
steps  similar  to  the  one  observed  in  the  low  field  region. 
At  4.25  K,  B*  is  located  at  about  0.4  T,  which  is 
relatively  a  low  filed  scale.  This  is  interpreted  as  the 
field  where  the  Josephson  coupling  between  adjacent 
vortex  pancakes  begins  to  be  destroyed  in  such  a  way 
that  the  well  correlated  vortex  pancakes  perpendicular  to 
the  plane  are  gradually  decomposed  by  magnetic  fields 
and  the  long  range  conelations  between  pancakes  can  no 
longer  be  maintained  above  B*.  This  decoupling  process 
of  adjacent  pancakes  gradually  progresses  as  the  field  is 
increased  and  results  in  the  weakening  of  //  at  higher 
fields  drastically.  This  dramatic  reduction  of  //  is 
presented  in  Fig.  5.  The  critical  currents  and 
seem  to  obey  exponentially  with  B.  Therefore,  at  high 
fields,  the  supercurrent  along  the  c-axis  becomes 
negligible.  This  fact  clearly  disproves  the  brick-waU 
model  proposed  previously  byBulaevskii  efa/.[3]  for  the 
explanation  of  the  high  critical  current  density  in  the 
melt-textured  polycrystalline  materials  such  as  practical 
wires  and  tapes  of  this  compound.  Instead,  it  seems  that 
the  rail -way  switch  model  proposed  by  Hensel  et  «/.[4] 
seems  to  be  more  appropriate  in  such  a  compound. 
Furthermore,  the  destruction  of  the  Josephson  coupling 
at  high  fields  effectively  enhances  the  two 
dimensionality,  which  may  enhance  further  the 
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Fig.  6.  The  anisotropy  of  7/  in  single  crystalline  Bi2Sr2CaCu20j,^5  with 

respect  to  the  field  parallel  and  perpendicular  directions  at 

30  K. 

superconducting  fluctuation  effect  even  at  very  low 
temperatures.  This  deserves  further  study  of  this  system 
at  the  high  field  region. 

When  the  magnetic  field  is  applied  parallel  to 
the  superconducting  plane,  the  main  features  observed 
peipendicular  to  the  plane  are  unchanged,  except  that  the 
field  scale  B*  is  several  times  higher  for  the  parallel 
fields.  This  is  simply  caused  by  the  several  times  higher 
J°  in  this  field  configuration.  Although  it  is  expected 
that  for  the  two  cases  the  vortex  state  may  be  entirely 
different,  it  is  rather  surprising  that  the  effect  of 
magnetic  field  on  //  does  change  only  several  times:  // 
is  several  times  higher  for  the  parallel  than  for  the 
perpendicular  configuration.  In  Fig.  6  an  example  of  the 
anisotropic  field  effect  of  is  shown  at  30  K. 
Moreover,  this  is  in  fact  consistent  with  the  relatively 
small  anisotropy  of  the  Jf’  observed  in  polycrystalline 
samples  with  respect  to  the  field  direction. 

3.  THE  PHASE  DIAGRAM 

The  phase  diagram  in  the  mixed  state  of 
Bi2Sr2CaCu205^j  is  shown  in  Fig.  7,  where  the 
characteristic  field  scale  B*(7)  is  added.  Since  B*(T) 
represents  the  measure  of  the  Josephson  coupling 
strength  between  adjacent  pancake  vortices,  the  phase 
regions  can  be  interpreted  as  described  in  Fig.  7.  In  the 
case  of  Bi2Sr2CaCu20g^j  the  irreversibility  line  represents 
the  superconducting  phase  transition,  which  corresponds 
to  the  flux-line  lattice  melting  line  at  low  fields  and  also 
discriminates  the  phase  from  truly  superconducting  state 
to  normal  fluctuation  regime.  The  most  important 


Fig.  7.  The  phase  diagram  of  the  vortex  state  in  single  crystalline 
Bi2Sr2CaCu20g,g. 

finding  in  Fig.  7  is  the  field  scale  B*(T),  which  extends 
over  B^(T)  at  high  temperature  region.  Since  a  sharp 
feature  is  observed  below  B*(T),  a  region  surrounded  by 
BjJT)  and  B*(T)  is  interpreted  as  a  short  range  coupled 
vortex  liquid  state.  In  the  high  field  (B>B*(T),  B^(T)) 
and  high  temperature  region,  the  short  range  correlation 
is  gradually  destroyed  as  temperature  and  magnetic  field 
are  increased.  It  is  noted  that  this  phase  is  continuously 
connected  the  the  normal  state  without  phase  transition. 
In  the  region  below  and  B*(T)  at  low  temperatures 
the  vortex  pancakes  are  rigid  with  only  slight  distortion 
of  the  equilibrium  configurations:  at  the  lowest  field 
region  below  ^2^  existence  of  the  hexagonal  vortex 
lattice  is  well  confirmed  by  neutron  diffraction 
experiments[5].  In  the  region  between  B^i  and  B*(T), 
the  vortex  lattice  is  destroyed  due  to  two  dimensional 
collective  pinning.  It  is  noted,  however,  that  the  strong 
Josephson  coupling  between  layers  still  exists.  At  higher 
field  region  above  B*(T)  the  Josephson  coupling  is 
gradually  destroyed,  resulting  in  the  fatal  decrease  in  J°. 
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The  Penetration  Depth  of  HgBa2Cu04+§  with  0.07  <  5  < 
0.35 

Y.  Y.  Xuei,  Q.  Xiongi.2  y,  Caoi  and  C.  W.  Chui 


The  magnetic  penetration  depth  X(T)  of  three  HgBajCuO^g  samples  with  0.16  ^  8  0.27  has 

been  determined  from  the  reversible  magnetization.  The  obtained  X.  follows  a  BCS-like 
correlation  of  Ifh?  oc  1-(T/T|.)^  over  whole  measured  temperature  range  in  an  underdoped  sample 
with  Tc  “  90  K,  but  deviates  significantly  firom  similar  fits  in  an  overdoped  sample  with  the  same 
Tc  and  an  optimum  doped  sample,  whose  1/X^  's  depends  on  T  nearly  linearly  below  T J2.  This 
asymmetry  between  llie  underdoped  and  overdoped  samples  suggests  that  the  T-dependence  of 
lA^  is  affected  liy  doping  in  a  complicated  way. 

KF.Y  WORDS:  penetration  depth,  doping. 


The  published  data  on  the  temperature 
(T)  dependence  of  below  TJl,  which 

has  been  taken  as  a  probe  for  the  nodes  on  the 
superconducting  gap  and  pairing  state,  is  far 
from  convergent  at  this  stage.  The  disagreement 
has  been  variously  attributed  to  the  impurity 
scattering  [1]  and  sample  homogeneity  [2].  In 
addition,  pSR  data  [3]  suggest  that  the  T- 
dependence  is  also  strongly  affected  by  doping, 
although  this  interpretation  has  been  challenged 
on  the  ground  of  flux  motion  and  sample  quality 

[4].  To  further  explore  this,  the  reversible 
magnetization  of  three  HgBajCuO^j  samples 
was  measured  and  the  corresponding  1/X^ 
calculated.  While  our  data  above  TJl  support 
the  general  feature  of  early  pSR  data  that  1/X^oc 
1-(T/Tp)“  with  oc^2-3  around  the  optimum 
doping  level,  our  results  for  1/X^  below  TJ2  are 
different  in  both  of  the  T-dependence  and  the 
extrapolated  lA^(O)  for  the  optimum-  and  over¬ 
doped  samples.  lA^  depends  on  T  nearly 
linearly  in  these  two  samples  below  TJl, 
suggesting  that  the  T-dependence  is  affected  by 
doping  in  a  rather  complicated  way. 

The  samples  used  were  ceramic 
HgBa2Cu04^5  annealed  under  various  O2 
partial  pressure  [5].  One  nearly  optimally- 
doped  sample  B  has  T^,~97  K  and  n~0.17 
hole/Cu02,  where  n  is  the  carrier  concentration 
deduced  from  the  thermoelectric  power  at  290  K 

1 .  The  Texas  Center  for  superconductivity  at  the  University  of 
Houston  and  the  Department  of  Physics.  University  of  Houston, 
Houston  TX  77204-5932. 

2.  Department  of  Physics,  University  of  Aricansas,  Fayetteville, 
Arkansas  72701. 


[5] .  The  other  samples,  A  and  C,  have  the  same 
Tj,  of  90  K  but  different  n  of  0.12  and  0.21, 
respectively.  Both  X-ray  and  neutron  diffraction 

[6]  show  less  than  5%  impurity  phases.  The 
field  cooling  magnetization  measured  at  5  Oe 
with  a  commercial  SQUID  magnetometer  shows 
a  narrow  transition  width  of  1-4  K  and  a  flat 
(less  than  1%  variation)  plateau  at  lower 
temperatures  for  all  the  samples,  suggesting 
good  sample  homogeneity. 

The  reversible  magnetization  M(H)  was 
taken  as  the  average  magnetization  in  the  field- 
increasing  branch  and  the  field-decreasing 
branch  at  fixed  temperature  to  exclude  the 
irreversible  contribution,  which  accounts  for 
~20-40%  of  the  total  magnetization  at  the  lowest 
T  measured.  The  paramagnetic  background  was 
deduced  and  subtracted  using  a  Curie-Weiss  fit 
above  T^,.  Two  heavily  doped  samples,  one 
under  doped  with  Tj.<4.2  K  and  one  overdoped 
with  T^~20  K  were  used  to  verify  the 
background  subtraction  procedure.  The  M  of  our 
ceramic  samples  was  converted  to  M  of  a 
corresponding  single  crystal  with  H//c  in  the 
way  proposed  in  Ref.  7. 

A  modified  London  correlation  of 
lA^=32rt2(dM/d/nH)/(0.77<|)o)  was  used  to 
calculate  X  [8].  The  Hao-Qem  model  [8]  as 
well  as  several  proposed  fluctuation  models  [9] 
were  used  to  check  this  procedure.  The 
agreement  is  surprisingly  good. 

Possible  non-s-wave  pairing  in  cuprates 
might  affect  the  superconducting  condensation 
energy  F,,  therefore,  the  X-M  correlation. 
However,  the  Hao-Clem  model,  which  includes 
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Fj,  and  the  London  model,  which  totally  ignores 
Fg,  lead  to  similar  A^M  correlation  in  s-wave 
superconductors.  This  may  suggest  that  F,  does 
not  affect  our  data  reduction  severely. 

The  results  obtained  for  lA-^  of  the 
samples  are  shown  in  Fig.  1.  The  data  were 
fitted  as  [lA^(0)]  [l-(T/re)"]  above  TJl  with 
the  parameters  lA^(O)  =  27,  34  and  32  pm'^ 
and  a  =  1.7,  2.6  and  2.0  for  samples  A,  B  and 
C,  respectively.  Although  the  fits  are  rather 
good  for  sample  A  over  the  whole  measured  T- 
range,  deviations  are  obvious  below  TJl  for 
sample  B  and  C.  In  this  low-temperature 
regime,  lA^  of  B  and  C  seems  to  depend  on  T 
almost  linearly.  An  sample  similar  to  B  was 
also  measured  in  a  parallel  pSR  investigation, 
and  the  obtained  T-cle|u'ndence  was  nearly  the 
same  [10].  This  suggests  that  the  observation  is 
not  a  measurement  related  artifact.  Similar  T- 
dependence  has  been  observed  in  a 
YBa2Cu30g  95  crystal  [1]. 

To  be  more  quantitative,  the  same 
fitting  procedure  was  also  performed  below  TJl 
with  the  parameter  T^  fixed.  The  results 
obtained  for  a  and  A^(0)  are  shown  in  Fig.  2  a) 
and  b)  respectively.  The  fitting  parameters  are 
nearly  the  same  above  and  below  TJl  in  Sample 
A.  However,  both  the  exponent  a  and  the 
extrapolated  lA^(O)  differ  significantly  below 
and  above  TJl  in  Samples  B  and  C.  In 
particular,  lf)J  depends  on  T  linearly  below  40 


T(K) 


Fig.  1.  The  deduced  vs.  T  for  Samples  A  (A),  B  (□)  and 
C  (O).  The  solid  lines  are  die  fits  1A*=  [1A^(0)H1-(T/T.)«] 
above  'YJ2. 


K  for  samples  B  and  C  (Figures  1  and  2a). 

The  superfluid  density  «,«>eiA^(0) 
obtained  in  the  fit  below  TJl  varies  linearly 
with  n  as  expected.  Conversely,  the  n,  in  the  fit 
above  TJl  bends  over  strangely  near  71-0.2. 
This  further  enhances  our  confidence  that  the 
deviation  observed  below  TJl  is  not  an  artifact. 

In  summary,  a  nearly  linear-in-T  lA^ 
has  been  observed  below  40  K  in  slightly 
overdoped  HgBa2Cu04^5,  but  not  in  the 
underdoped  samples  with  the  same  Tp.  This 
suggests  that  this  T-dependence  may  depend  on 
doping  in  a  complicated  way. 


0.10  0.12  0.14  0.1S  0.18  0.20  0.22 

n  (hoie/CuO,) 

Fig.  2.  The  parameters  a)  a  and  b)  lA^(O)  from  dw  data 
fitting  O:  above  T J2;  □:  below  T J2. 
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STM  tunneling  spectroscopy  has  been  performed  on  the  bulk  single  crystals  of  BiSrCaCuO 
(BSCCXD)  and  the  epitaxid  thin  films  a[  YBaCuO  (YBCO)  at  cryogenic  temperatures.  The 
STM  images  and  tunneling  spectra  observed  on  the  (001)  surfaces  can  be  classified  into  three 
cases;  1)  Atomic  image  is  visible.  However,  the  tunneling  spectrum  shows  semiconducting  or 
smeared  superconducting  gap  structures,  depending  on  die  tip-sample  distance.  2)  Qear 
atomic  image  can  not  be  obtained.  But,  the  tunneling  spectmm  shows  flat  bottom  region  with 
quite  low  zero  bias  conductance.  3)  Tunneling  spectra  demonstrate  gapless  behavior, 
independent  of  the  tip-sample  separation.  These  observations  support  the  quasi-2D  electronic 
picture  in  which  s-wave  like  2D  superconducting  layers  are  coupled  with  each  other  through 
the  Josephson  effect. 


KCT  WORDS:  STM;  superconducting  gap;  symmetry  of  order  parameter. 


L  INTRODUCTION 

It  is  of  great  importance  to  clarify  the  correlation 
between  the  normal  and  superconducting  properties  of 
high  Tc.  superconductors  (HTSCs)  and  their  two- 
dimensional  electronic  nature  associated  with  the 
layered  crystal  structures.  High  anisotropies  in  various 
normal-state  transport  properties  can  be  understood  by 
modeling  the  HTSCs  as  that  the  conducting  Cu02  layer 
and  other  insulating  or  less  conducting  layers  are 
alternately  stacked  and  the  electron  conduction  mainly 
takes  place  two-dimensionally  in  the  Cu02  layer. 
Because  of  the  short  coherence,  quasi  two-dimensional 
superconducting  state  is  possible.  That  is,  the 
superconducting  order  parameter  may  change  from  the 
different  layer  to  another  along  the  c-axis. 

Recently,  the  tunneling  spectroscopy  using 
scanning  tunneling  microscopy  (STM)  has  attracted 
much  attentions  as  a  microscopic  probe  which  is 
capable  of  measuring  the  local  density  of  states  profiles 
near  the  Fermi  level  [1-8].  Recently,  this  technique, 
STS,  has  been  improved  to  more  sophisticated  one  in 
which  the  spectroscopic  measurement  locations  are 
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specified  on  the  STM  topographic  image 
simultaneously  taken  with  the  tunneling  spectra.  We 
have  proposed  this  technique  as  atomic  site  tunneling 
spectroscopy  (AST)  [6,9].  It  has  been  applied  to  the 
layered  dichalcogenides,  and  has  shown  the  local 
variation  of  the  density  of  states  profiles  depending  on 
the  atomic  site  relative  to  the  charge  density  wave  [9]. 

hi  this  paper,  we  report  on  the  AST  observations 
on  the  cleaved  surface  of  Bi2Sr2CaCu208  (BSCCO) 
single  crystals  and  epitaxial  thin  films  of  YBa2Cu307 
(YBCO)  at  4.2  K.  The  obtained  tunneling  data  were 
classified  into  several  cases  with  respect  to  the  quality 
of  atomic  image  and  the  inner  gap  conductance  of 
superconducing  gap  structure.  These  observations  were 
discussed  in  terms  of  the  quasi  two-dimensional 
electronic  nature  of  HTSCs. 

2.  EXPERIMENTAL 

Cryogenic  temperature  STM  (CSTM)  instrument 
was  laboratory  constructed.  It  enables  us  to  perform 
AST  mode  operation  in  which  STM  image  and 
tunneling  spectra  were  simultaneously  taken.  The 
details  of  our  CSTM  system  were  described  elsewhere 
[!]• 

Single  crystals  of  BSCCO  were  grown  by  the 
floating  zone  method.  The  as-grown  crystals  were 
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further  annealed  air  at  500  °C.  The  (001)  and  (110) 
oriented  thin  films  were  prepared  by  the  laser  ablation 
method  [7,8]. 

3.  RESULTS  AND  DISCUSSION 

3.1.  STM  Tunneling  Spectroscopy  on  YBCO  (001) 
and  (110)  Films 

Tunneling  spectra  observed  on  YBCO  can  be 
classified  into  three  groups,  type  I,  II,  and  III.  The  type 
I  spectra  observed  on  the  (001)  oriented  films  are 
characterized  by  the  bias  voltage  (F*)  dependence,  as 
Illustrated  in  Fig.  1  [7].  hi  Fig.  1,  the  set-point  current 
is  kept  constant,  1  nA.  Therefore,  lower  F* 
corresponds  to  closer  tip-sample  separation.  For  higher 
Ffc,  the  tunneling  spectrum  shows  semiconducting 
behavior,  reflecting  that  the  surface  atomic  layer  is 


Fig.  1.  Bias  voltage  dependence  of  tunneling  spetra  on 
YBCO  (001)  film 


insulating.  As  Fj,  decreases,  the  electron  tunneling  into 
inside  superconducting  layers  becomes  dominant,  and 
a  superconducting  gap  structure  appears.  However,  it 
is  noted  that  no  clean  gap  was  observed  in  the  type  I 
spectrum. 

The  type  II  spectra  showing  a  clean  supercon¬ 
ducting  gap  were  found  on  the  YBCO  (001)  films 
grown  at  relatively  low  temperatures  [6,7].  Fig.  2 
exhibits  the  typical  examples  of  the  type  II  spectra 
taken  at  various  measurement  locations.  The  zero  bias 
conductance  is  as  low  as  1%  of  the  background,  which 
is  one  of  the  lowest  value  ever  reported.  Because  the 
tunneling  probe  in  STM  has  an  atomic  scale  resolution, 
STM  tunneling  spectrum  gives  the  local  density  of 
states  averaged  over  momentum  space  [6].  Thus,  the 
clean  gap  structure  in  Fig.  2  suggests  a  finite  gap 
opening  in  the  Cu02  plane.  Obviously,  this  situation  is 
favored  by  s-wave  pairing  mechanisms. 

The  tunneling  spectra  taken  on  the  YBCO  (110) 
films,  classified  as  the  type  III  data,  were  shown  in 
Fig.  3  [8].  The  type  III  spectrum  demonstrates  a 
superconducting  gap  structure  with  high  zero  bias 
conductance,  independent  of  the  tip-Sample  separation. 
By  comparing  the  type  II  and  t)^e  III  spectra,  it  is 
concluded  that  the  CuO  chain  layer  exposed  on  the 
(110)  surface  is  responsible  to  the  "gapless"  feature  in 
Fig.  3.  Thus,  the  present  STM  measurements  is 
consistent  with  the  layered  electronic  model  that  CuO  2 
layers  are  quasi-2D  superconductors  with  s-wave 
symmetry  which  induce  gapless  superconductivity  in 
the  CuO  chain  by  the  proximity  effect  [10-12]. 
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Fig.  2.  Tunneling  spectra  on  YBCO  (001)  film 
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Fie.  3.  Bias  voltage  dependence  of  tunneling  spetra  on 
YBCO  (110)  film 

3.2.  STM  Tunneling  Spectroscopy  on  the  (001) 
surface  of  single  crystal  BSCCO 

The  type  n  and  type  III  tunneling  spectra  were 
observed  on  the  cleaved  (001)  surface  of  BSCCO  at 
4.2  K,  as  shown  in  Fig.  4  and  5,  respectively.  On 
atomically  flat  surfaces  where  atomic  arrangement  of 
Bi  can  be  seen  by  STM  scanning,  the  type  II  data  were 
mostly  obtained,  implying  a  two  dimensional 
superconductivity  in  ^CCO  as  described  by  the 
stacking  of  the  essentially  insulating  (BiO)2  block  and 
superconducting  (Cu02)2-  Similar  to  the  YBCO 
spectra,  however.  Fig.  4  shows  no  clean  gap  structure, 
and  is  rather  consistent  with  the  d-wave 
superconductivity  [3,4]. 


-0.3  -0.2  -0.1  0.0  0.1  0.2  0.3 
Tip  Voltage  [V] 


Fig.  4.  Bias  voltage  dependence  of  tunneling  spetra  on 
BSCCO  (001)  surface 


Tip  Voltage  [V] 


Fig.  5.  Tunneling  spetmm  on  BSCCO  (001)  surface 
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On  the  other  hand,  the  type  II  data  was 
frequently  found  on  the  rough  surfaces  of  as-grown 
samples  where  no  atomic  image  has  not  been  resolved 
[1].  We  speculate  that  the  type  II  data  was  taken  on 
Cu02  layers  partially  exposed  on  the  rough  surfaces. 
Our  speculation  was  confirmed  by  the  recent  STM 
tunneling  measurement  by  Murakami  et  al.  [5].  From 
the  STM  observation,  they  found  a  mid-level  layer 
between  adjacent  BiO  layers  separated  by  c/2.  The 
tunneling  spectra  on  the  BiO  layer  is  consistent  with 
our  type  I  data  in  Fig.  4,  while  those  on  the  mid  layer 
identified  as  Cu02  reveal  a  clean  gap  structure,  which 
is  essentially  identical  to  that  in  Fig.  5.  Therefore,  the 
results  of  present  STM  tunneling  measurements  and 
Murakami's  work  leads  to  the  conclusion  that  the  Cu02 
layer  has  a  clean  superconducing  gap,  which  supports 
the  s-wave  paring  symmetry,  and  that  the  d-wave  like 
tunneling  spectra  reported  on  BSCCO  so  far  is  caused 
by  the  surface  insulating  layer,  although  its  mechanism 
is  not  clear  at  present. 


REFERENCES 

1.  T.  Hasegawa,  M.  Nantoh,  and  K  Kitazawa,  Jpn.  J. 
Appl.  Phys .  30,  L276  (1991). 

2.  K.  Ichimura  and  K.  Nomura,  J.  Phys.  Soc.  Jpn .  62, 3661 
(1993). 

3.  Ch.  Renner  and  0.  Fisher,  Physica  C  235-240  ,  53 
(1994). 

4.  C.  Manabe,  M.  Oda,  and  M.  Ido,  Physica  C  235-240, 
797(1994). 

5.  H  Murakami  and  R.  Aoki,  J.  Phys.  Soc.  Jpn.  in  press. 

6.  T.  Hasegawa,  M.  Nantoh,  S.  Heike,  A.  Takagi,  M. 
Ogino,  M.  Kawasaki,  H.  Koinuma,  and  K.  Kitazawa,  J. 
Phys.  Chem.  Solids  54, 1351  (1993). 

7.  M.  Nantoh,  T.  Hasegawa,  W.  Yamaguchi,  A.  Takagi, 
M.  Ogino,  K.  Kitazawa,  M.  Kawasaki,  J.  P.  Gong,  and 
H.  Koinuma,  J.  Appl.  Phys.  75, 5227  (1994). 

8.  M.  Nantoh,  T.  Hasegawa,  W.  Yamaguchi,  K.  Kitazawa, 
M.  Kawasaki,  K  Fujito,  and  H.  Koinuma,  Physica  C  in 
press. 

9.  J.-J.  Kim,  W.  Yamaguchi,  T.  Hasegawa,  and  K. 
Kitazawa,  Phys.  Rev.  Lett.  73, 2103  (1994). 

10.  M.  Tachiki,  S.  Takahashi,  F.  Steglich,  and  H.  Adrian,  Z 
Phys.  B  80, 161  (1990). 

11.  S.  H.  liu  and  R.  A  Klemm,  Phys.  Rev.  Lett.  73, 1019 
(1994). 

12.  V.  Z.  Kresin  and  S.  A.  Wolf,  Phys.  Rev.  B  in  press. 


Journal  of  Superconductivity,  Vol.  8,  No.  4,  1995 


Superconductivity  and  Stoichiometry  in  the 
BSCCO-family  Materials 

Marshall  Onellion* 


Received  31  January  1995 


We  report  on  magnetization,  c-axis  and  ab-plcine  resistivity,  critical  current,  elec- 
troni  band  structure  and  superconducting  gap  properties.  Bulk  measurements  and 
photoemission  data  were  taken  on  similar  samples. 
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I  have  two  purposes  in  writing  this  report. 
One  is  to  provide  experimental  data  that  has  been 
reproduced  in  different  laboratories,  and  so  can  be 
viewed  as  reliable,  to  serve  as  the  basis  for  theo¬ 
retical  models.  The  other  is  to  argue  that  there  is 
a  close  connection  between  changes  observed  in  the 
superconducting  properties  (gap  size  and  tempera¬ 
ture  dependence,  critical  current,  magnetic  field  de¬ 
pendence)  and  normal  state  properties  (symmetry  of 
electronic  states,  topology  of  Fermi  surface,  c-axis  re¬ 
sistivity)  . 

In  our  studies,  we  have  found  c-axis  resistiv¬ 
ity  data  versus  oxygen  content  that  are  consistent 
with  and  extend  earlier  reports. [1-4]  Note  that  the 
c-axis  resistivity  is  reduced  by  a  factor  of  as  much  as 
x250  for  overdoped  compared  to  underdoped  sam¬ 
ples.  However,  neither  we  nor  our  colleagues  [1-4] 
have  yet  incorporated  sufficient  oxygen  to  observe 
fully  metallic  [dR/dT  >  0)  behavior  for  all  temper¬ 
atures  down  to  the  superconducting  transition  tem¬ 
perature  (Tc),  as  has  been  observed  for  YBCO-123.[5] 
The  significant  point  to  these  measurements  is  that 
there  is  a  marked  change  in  the  c-axis  resistivity,  and 
hence  interlayer  coupling,  with  oxygen  stoichiometry. 

For  the  same  samples  for  which  we  measured 
c-axis  resistivity,  we  also  performed  angle-resolved 
photoemission  measurements  of  the  normal  state.  [4] 

•Department  of  Physics,  University  of  Wisconsin,  Madison, 
WI  53706. 


The  issue  was  to  determine  whether  samples  that  ex¬ 
hibited  the  change  in  c-axis  resistivity  also  exhibited 
any  differences  in  their  Fermi  surfaces.  We  have  re¬ 
ported  elsewhere  [6]  that  there  is  a  finite  interlayer 
coupling  between  the  adjacent  Cu02  planes  of  the  bi¬ 
layer.  We  chose  Pb-doped  BSCCO-2212  samples.  By 
performing  careful  TEM  measurements, [4]  we  deter¬ 
mined  that  the  overdoped  and  underdoped  samples 
were  isostructural  in  the  Cu02  (ab-)planes.  The  only 
structural  difference  is  a  change  in  the  periodicity  of 
the  superlattice  modulation,  with  the  overdoped  sam¬ 
ples  exhibiting  a  larger  period.  We  found  that  there 
is  a  change  of  symmetry  in  the  normal  state  quasipar¬ 
ticle  band  states  as  the  amount  of  oxygen  is  changed. 
Specifically,  the  electronic  states  that  comprise  the 
Fermi  surface  in  the  kx  —  ±ky  directions  exhibited  a 
change  in  symmetry  with  oxygen  stoichiometry,  while 
the  symmetry  of  the  states  in  the  kx  and  ky  directions 
was  unaffected  by  the  oxygen  stoichiometry.  Our  re¬ 
sults  indicate  one  of  two  possibilities.  One  is  that  the 
c-axis  (interlayer  coupling)  affects  the  symmetry  of 
the  electronic  states.  The  other  possibility  is  that  the 
electronic  states  arise  due  to  many-body  effects. [7]  If 
the  electronic  states  are  interpreted  as  many-body 
states, [7]  preliminary  calculations  indicate  that  in¬ 
teractions  beyond  the  nearest-neighbor  must  be  in¬ 
cluded  to  explain  the  data.  [7] 

In  addition  to  the  symmetry  of  the  normal 
state  electronic  states,  our  data  indicate  two  other 
important  points  about  the  Fermi  surface.  We  find 
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that  there  is  an  extended  van  Hove  singularity,  [8] 
consistent  with  other  reports. [9- 11]  The  extent  of 
the  singularity  is  reduced  for  overdoped  samples.  [4] 
A  pocket,  absent  for  underdoped  samples,  develops 
around  the  (tt,  0)  point  for  overdoped  samples, [4,8] 
consistent  with  earlier  work  by  C.  Olson  and  col¬ 
leagues.  [12, 13]  Further,  it  is  noteworthy  that  P.  Aebi 
and  colleagues  have  used  our  samples  to  study  the 
presence  and  strength  of  the  shadow  bands  they  re¬ 
ported  earlier. [14]  In  their  previous  work, [14]  they 
reported  observing  shadow  bands  only  on  samples 
that  were  particularly  flat  and  well-ordered  (to  reduce 
scattering  that  averages  over  the  Brillouin  zone).  Us¬ 
ing  our  samples,  they  find  such  shadow  bands,  and 
find  that  the  shadow  bands  are  weaker,  but  present, 
for  the  overdoped  samples  (Tc  =  75  K)  compared  to 
the  underdoped  samples  (Tc  =  80  K).[15]  These  data 
indicate  that  both  the  symmetry  of  the  Fermi  sur¬ 
face  electronic  states,  and  the  topology  of  the  Fermi 
surface,  change  with  oxygen  doping. 

Note  that  we  have  found  results  consis¬ 
tent  with  other  investigators  for  those  measurements 
where  consistency  is  expected.  For  that  reason, 
our  results  as  to  the  symmetry  and  topology  of  the 
Fermi  surface  electronic  states  appear  representative 
of  samples  in  different  laboratories.  As  an  additional 
check  of  our  samples,  we  have  studied  the  current  ver¬ 
sus  voltage  measurements  for  supercurrent  along  the 
c-axis  and  applied  magnetic  field  in  the  ab-plane.[16] 
The  issue  is  whether  the  change  in  c-axis  resistiv¬ 
ity,  and  Fermi  surface  electronic  states,  both  normal 
state  properties,  are  related  to  superconducting  state 
properties. 

We  found  that  for  our  samples,  the  Cu02 
planes  are  stacked  very  close  to  parallel,  with  an 
ab-plane  misalignment  below  0.02  degrees.  This  al¬ 
lowed  us  to  orient  the  applied  magnetic  field  paral¬ 
lel  to  the  ab-plane  with  high  accuracy.  The  results 
at  lower  magnetic  fields  (below  1  Tesla)  reproduce 
earlier  work  by  Kleiner  et.al.[17,18]  For  underdoped 
samples,  the  data  indicate  a  S-I-S  Josephson  junc¬ 
tion  stacking  of  planes  along  the  c-axis.  For  over¬ 
doped  samples,  the  critical  current  density  increases 
between  (xlOO—  xlOOO)  and  the  stacking  is  S-N(S’)- 
S.  Our  results  indicate  a  marked  increase  in  critical 
current  density  for  overdoped  samples,  the  same  sam¬ 
ples  that  exhibit  the  changes  in  normal  state  proper¬ 
ties. 


However,  neither  our  results  [16]  nor  those 
of  our  colleagues,  [17,18]  conclusively  establish 
whether  the  c-axis  coupling  in  overdoped  samples  is 
Josephson-j unction  or  three  dimensional.  One  new, 
and  pertinent,  result  is  that  overdoped  samples  obey 
the  Kim-Stevens  relation, [19]  as  do  three-  dimen¬ 
sional  superconductors.  We  found  Hc2  is  already  14 
Tesla  only  4  K  below  Tc-  [16] 

In  magnetization  studies  of  cuprate  super¬ 
conductors,  much  has  been  made  of  the  “fishtail” 
behavior,  [20-22]  a  region  of  applied  magnetic  field 
for  which  the  magnetization  increases  with  increas¬ 
ing  applied  field.  Using  samples  similar  to  those  used 
in  photoemission  studies,  X.Y.  Cai  et  aZ.[22]  reported 
that  the  fishtail  exists  for  both  underdoped  and  over¬ 
doped  samples,  although  such  samples  exhibit  very 
different  quantitative  magnetization  response.  The 
data  were  interpreted  as  indicating  that  there  are  al¬ 
ways  stronger  and  weaker  superconducting  regions. 
These  are  the  same  sample  types  described  above. 
Consequently,  the  fact  that  all  samples  exhibit  the 
fishtail  behavior  indicates  that  all  samples  exhibit 
both  stronger  and  weaker  superconducting  regions. 


binding  energy  (eV) 


Fig.  1.  Photoemission  spectra  in  the  norm2J  state  along 
the  kx  =  ky  direction  for  He-annealed,  Pb-doped  sample 
(gap  =  0-2  meV)  md  oxygen-annecded,  overdoped  sample 
(gap  =  10-12  meV).[27] 
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For  the  same  sample  types,  we  also  con¬ 
ducted  angle-resolved  photoemission  measurements 
of  the  size  of  the  superconducting  gap  for  two  high- 
symmetry  directions,  kx  (Cu-O-Cu  bond  axis  in  real 
space)  and  kx  =  ky  (Bi-O-Bi  bond  axis  perpendic¬ 
ular  to  superlattice  modulation). [23, 24]  Figure  One 
illustrates  the  results.  We  found  that  for  samples 
with  less  oxygen,  particularly  if  underdoped,  the  gap 
along  kx  =  ky  is  indistinguishable  from  zero  (2  ±  2 
meV),  consistent  with  earlier  reports  by  B.O.  Wells 
and  Z.-X.  Shen.[25,26]  However,  for  overdoped  sam¬ 
ples,  the  data  indicate  unambiguously  that  the  su¬ 
perconducting  gap  in  the  kx  =  ky  direction  is  non¬ 
zero.  [27]  Observing  a  non-zero  gap  in  the  kx  =  ky 
direction  has  also  been  reported  earlier  by  several  re¬ 
search  groups. [28-31]  One  significant  point  is  that  this 
study  is  the  first  to  directly  connect  the  size  of  the  su¬ 
perconducting  gap  and  the  bulk  critical  current  and 
magnetization  properties  of  a  cuprate  superconduc¬ 
tor  system. 


0.4  0.6  O.B  1  1.2 


T/Tc 

Fig.  2.  Superconducting  gap  (in  meV)  versus  temper¬ 
ature  for  kx  direction  (diamonds)  and  kx  =  ky  direction 
(squares).  [32] 

These  results  can  be  regarded  as  solid,  be¬ 
cause  they  either  reproduce  earlier  work  or  have  been 
independently  confirmed  by  other  investigators,  in¬ 
cluding  other  investigators  using  our  samples. [15]  The 


last  experimental  result  that  we  wish  to  report  is 
the  temperature  and  momentum-resolved  study  of 
the  superconducting  gap  for  oxygen  overdoped  sam¬ 
ples. [32]  We  studied  the  variation  of  the  supercon¬ 
ducting  gap  with  temperature  for  two  Brillouin  zone 
directions,  kx  and  kx  =  ky.  Figure  Two  illustrates 
the  results.  We  found  that  the  temperature  depen¬ 
dence  of  the  superconducting  gap  along  the  two  sym¬ 
metry  directions  is  qualitatively  different.  In  partic¬ 
ular,  the  gap  along  the  kx  =  ky  direction  becomes 
indistinguishable  from  zero  at  0.82Tc,  while  along  kx 
the  gap  remains  at  90-100%  of  its  value  at  0.35Tc. 
Some  parts  of  the  data  in  Fig.  2  have  been  indepen¬ 
dently  confirmed.  The  rapid,  non-BCS,  increase  of 
the  gap  with  decrecising  temperature  in  the  kx  direc¬ 
tion  hcis  been  confirmed  by  J.C.  Campuzano  and  col¬ 
leagues. [33]  The  non-zero  gap  in  the  kx  =  ky  direction 
at  lower  temperatures  has  been  reported  earlier.  [28- 
31] 

What  inferences  can  be  drawn  that  are  based 
strictly  on  data  reproduced  in  different  laboratories? 
I  am  confident  of  the  following: 

•  Saying  that  the  symmetry  of  the  order  parame¬ 
ter  (gap)  remains  identical  for  all  stoichiometry 
has  been  ruled  out;[27-29, 31-34] 

•  There  is  a  marked  increase  in  interlayer  cou¬ 
pling  for  overdoped  samples,  as  reflected  in  bulk 
measurements  [1-4,16-18]  and  the  symmetry  of 
the  normal  state  electronic  states;  [6] 

•  The  shadow  bands  reported  earlier  by  P.  Aebi 
et.al.  [14]  are  observed  for  samples  from  differ¬ 
ent  laboratories,  and  exist  well  into  the  over¬ 
doped  regime;  [15] 

•  The  gap  increases  more  rapidly  for  tempera¬ 
tures  below  Tc  than  a  would  a  BCS  supercon¬ 
ductor. [32, 33] 

In  addition,  if  all  the  results  of  of  Ref.  32  are 
confirmed  by  independent  work,  these  results  indi¬ 
cate  that,  for  overdoped  samples,  just  below  Tc  there 
may  be  only  d-wave  pairing,  while  at  lower  temper¬ 
atures  a  more  complicated  pairing  interaction  exists. 
However,  for  underdoped  samples,  the  small  value  of 
the  gap  along  the  kx  =  ky  direction  (at  0.35Tc)  indi¬ 
cates  that  a  predominant  d-wave  pairing  extends  to 
lower  temperature. 
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Shadow  Bands  in  Models  of  Correlated  Electrons 
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A  consequence  of  strong  antiferromagnetic  correlations  in  models  of  high-Tc  cuprates  is  the 
appearance  in  photoemission  (PES)  calculations  of  considerable  more  weight  above  the  Fermi 
momentum  pp  than  expected  for  non-interacting  electrons.  This  effect,  qualitatively  discussed 
by  Kampf  and  Schrieffer  under  the  name  of  “shadow  bands”,  is  here  quantitatively 
analyzed  in  the  two  dimensional  Hubbard  and  t-J  models  using  Monte  Carlo  and  exact 
diagonalization  techniques  in  the  realistic  strong  coupling  regime. 

KEY  Vt^ORDS:  Superconductivity,  Hubbard  Model,  Shadow  Bands. 


The  importance  of  antiferromagnetic  correla¬ 
tions  in  the  normal  and  superconducting  states  of 
the  high  critical  temperature  cuprate  materials  is  un¬ 
der  much  discussion.  While  recently  most  of  the 
debate  has  been  concentrated  on  the  symmetry  of 
the  superconducting  order  parameter,  studies  of  the 
strength  of  the  antiferromagnetic  correlation  length, 
(afi  ill  til®  normal  state  are  still  crucial  to  test  these 
ideas.  A  key  issue  is  how  large  should  be  to  pro¬ 
duce  observable  effects  in  experiments  for  the  high- 
Tc  compounds.  NMR  studies  in  the  normal  state 
of  optimally  doped  YBa2Cu306.94  (YBCO)  suggest 
(af  ~  2a  (where  a  is  the  lattice  spacing).  [1]  Naively, 
this  correlation  seems  too  small  to  be  of  relevance. 
On  the  other  hand,  recent  photoemission  (PES)  ex¬ 
perimental  results  by  Aebi  et  al.[2]in  Bi2Sr2CaCu208 
(Bi2212)  with  Tc=85K,  using  sequential  angle¬ 
scanning  data  acquisition  to  obtain  PES  intensities 
within  a  narrow  energy  window  near  the  Fermi  en¬ 
ergy  Ep,  reported  evidence  of  antiferromagnetically 
induced  spectral  weight  above  pp  (w  <  0).  This 
result  is  compatible  with  the  “shadow  bands”  sce¬ 
nario  of  Kampf  and  Schrieffer.  [3]  At  half-filling,  these 
bands  are  caused  by  the  enlarged  magnetic  unit  cell  of 
the  Cu02  planes  produced  by  the  long  range  antifer¬ 
romagnetic  order  in  the  ground  state.  This  effective 
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reduction  in  the  size  of  the  Brillouin  zone  (BZ)  has 
interesting  implications  for  PES  experiments.  [3]  For 
example,  along  the  diagonal  p^  =  Py  =  p,  and  cissum- 
ing  long-range  order,  peaks  at  momenta  pi  =  (p,  p) 
and  p2  =  (tt  —  p,  x  —  p)  should  appear  at  the  same 
energy  location,  for  any  value  of  p.  The  PES  weight 
(w  <  0)  observed  in  the  legioaabove  the  non¬ 
interacting  Pp  is  induced  by  strong  magnetic  corre¬ 
lations.  [3] 

How  does  this  antiferromagnetically  induced 
PES  signal  evolve  as  (af  is  made  finite  by  the  effect 
of  hole  doping?  There  are  no  quantitative  estima¬ 
tions  in  the  literature  in  a  realistic  region  of  parame¬ 
ter  space.  It  is  likely  that  its  intensity  will  smoothly 
diminish  doping  away  from  half-filling.  Since  in  opti¬ 
mally  doped  Bi2212  the  antiferromagnetic  correlation 
length  in  the  Cu02  planes  should  be  similar  to  that  of 
optimally  doped  YBCO  (since  they  should  have  the 
same  in-plane  hole  density),  then  a  natural  question 
arises;  can  a  small  correlation  length  (~  2a)  produce 
observable  weight  in  PES  experiments  above  pp?  On 
one  hand,  recent  calculations[4]  carried  out  in  an  an¬ 
tiferromagnetic  background  have  reproduced  the  flat 
band  features  near  p  =  (ir,  0)  observed  in  Bi2212  sug¬ 
gesting  that  a  short  (af  can  appreciably  influence 
some  experimental  quantities.  On  the  other  hand, 
since  the  actual  experimental  PES  signal  is  weak, 
concerns  may  arise  about  the  interpretation  of  the 
data.  Thus,  a  theoretical  quantitative  calculation  is 
needed  to  compare  with  experiments,  and  decide  if 
Aebi  et  al.’s  PES  data  are  compatible  with  models 
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of  strongly  correlated  electrons  which  present  PES 
weight  above  pp.  Here,  this  issue  is  explicitly  ad¬ 
dressed.  PES  spectra  and  spin  correlations  are  cal¬ 
culated  for  models  of  correlated  electrons  expected 
to  describe  the  CuOj  planes.  Consider  first  the  two 
dimensional  (2D)  one  band  Hubbard  model  defined 
by  the  Hamiltonian 

H  =  -t  ^  (cLcja'+b.c.) -I- U^ni|nii,(l) 
<ij>c'  i 

in  the  standard  notation.  We  simulated  this  model 
numerically  using  standard  quantum  Monte  Carlo 
techniques.  In  order  to  extract  the  dynamical  spec¬ 
tral  function  A(p,w)  corresponding  to  the  removal 
or  addition  of  an  electron  with  momentum  p  to  the 
system,  the  maximum  entropy  (ME)  technique  was 
used. [6]  To  analyze  the  strength  of  the  signal  above 
Pp,  we  calculated  the  amount  of  spectral  weight  be¬ 
low  the  chemical  potential  p  at  momenta  along  the 
diagonal  p,  =  py  in  the  BZ  with  respect  to  the  total 
intensity  (adding  PES  and  inverse  PES)  which  for  the 
Hubbard  model  satisfies  the  sum  rule  /_  ”  doi  A(p,  w) 
=  1  at  all  dopings. 

Before  describing  the  computational  results,  let 
us  clarify  when  a  theoretically  calculated  PES  signal 
can  be  labeled  as  being  “observable”  in  an  experi¬ 
ment.  PES  spectra  have  large  backgrounds,  whose 
origin  and  shape  are  a  matter  of  discussion,  superim¬ 
posed  on  the  actual  relevant  signal.  This  background 
depends  on  the  momentum,  and  also  changes  from 
sample  to  sample  with  fluctuations  as  large  as  50%. 
Since  the  background  is  convex,  the  natural  require¬ 
ment  for  a  PES  theoretical  signal  to  be  observable 
is  that  the  combination  background-signal  produces 
a  local  maximum  (i.e.  a  peak  in  the  measured  in¬ 
tensity). [7]  From  the  data  shown  in  Ref.[5],  and  the 
intensity  of  the  signal  at  the  last  point  where  the  dis¬ 
persion  is  observed  i.e.  p  =  (O.Ttt,  O.Ttt),  it  is  believed 
that  a  peak  with  an  intensity  of  roughly  about  10%  of 
the  largest  signal  (located  at  p  =  (O.Stt,  O.Stt))  would 
be  at  the  verge  of  being  detected.^  This  is  the  crite¬ 
rion  followed  in  the  present  paper  to  label  a  result  as 
“observable” . 

The  choice  of  coupling  is  important  in  our  search 
for  PES  weight  above  pf-  For  example,  we  observed 
that  working  on  an  8  x  8  cluster,  at  U/t  =  4,  half¬ 
filling  and  temperature  T  =  t/4,  the  percentage  of 
PES  spectral  weight  at  p  =  (37r/4,  37r/4),  i.e.  the 
next  available  momentum  after  (7r/2,7r/2)  on  this 
cluster,  is  very  small  (less  than  5%  of  the  total),  even 

^  Wc  tharik  B.  O.  Wells  (private  communication)  for  this 
suggestion. 


though  the  spin  correlations  show  clear  indications  of 
long-range  order.  Then,  the  actual  value  of  the  lo¬ 
cal  moments  is  as  important  as  the  antiferromagnetic 
correlation  length  for  the  effect  we  are  investigating. 
Since  evidence  has  been  recently  given  that  another 
feature  induced  by  antiferromagnetism,  [7]  namely  the 
“hole”  pockets,  are  washed  out  by  temperature  ef¬ 
fects  in  QMC  simulations  at  U/t  =  4,  then  we  con¬ 
sider  this  coupling  to  be  too  small  for  our  purposes. 
Actually,  studies  of  the  optical  conductivity  have 
shown  that  a  larger  coupling  U/t,  approximately  be¬ 
tween  8  and  12,  is  needed  to  correctly  reproduce  the 
main  features  observed  experimentally.  [8]  Since  at 
U/t  =  12  there  are  serious  numerical  instabilities  in 
the  simulations,  then  here  the  analysis  was  restricted 
to  U/t  ~  8. 


Fig.l.A(p,  tx)),  evaluated  using  QMC  and  ME  techniques,  for 
the  2D  Hubbard  model  at  U/t  =  8,  T  =  t/2  on  an  8x8 
cluster,  at  several  densities  (n).  The  momentum  label  varies 
along  the  diagonal  in  the  BZ  in  units  of  x/4,  and  the  percent¬ 
ages  correspond  to  the  integrated  PES  part  of  the  spectral 
weight  with  respect  to  the  total  intensity  (=l).  The  energy  is 
in  units  of  t. 

In  Fig.l,  A(p,w)  at  T  =  t/2  is  shown. [9]  It  isd- 
ifficult  to  reduce  T  due  to  sign  problems,  but  never¬ 
theless  this  temperature  allows  us  to  study  the  PES 
signal  above  pp  at  different  correlation  lengths  as  the 
density  is  changed,  which  is  the  main  purpose  of  the 
paper.  At  half- filling,  (n)  =  1,  the  chemical  poten¬ 
tial  is  located  in  the  gap.  The  percentage  of  spectral 
weight  is  shown  for  each  momentum.  A  nonzero  PES 
signal  above  the  non-interacting  Fermi  momentum 
is  clearly  visible,  and  at  p  =  (3x/4,  37r/4)  it  carries 
~  23%  of  the  total  weight.  This  result  is  very  similar 
if  the  temperature  is  reduced  to  T  =  t/4,  thus  finite 
temperature  effects  are  not  too  severe  for  this  quan¬ 
tity  at  half-filling.  Actually,  our  results  for  the  in¬ 
tensity  of  the  weight  above  pp  are  in  excellent  agree- 
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ment  with  the  spin  density  wave  mean-field  approxi¬ 
mation. [10]Since  for  a  pure  spin-1/2  antiferromagnet 
the  weight  at  p  =  (ir/4, 7r/4)  and  p  =  (3Tr/4,  37r/4) 
should  be  identical  at  this  density,  it  is  natural  to 
conclude  that  the  finite  coupling  U /t  is  responsible 
for  the  reduction  of  the  intensity  of  the  PES  signal 
above  the  naive  pF  at  half-filling. 

Away  from  half-filling,  at  (n)  =  0.87,  the  amount 
of  weight  at  p  =  (37r/4,3x/4)  is  reduced  to  —  10%, 
which  is  still  visible  in  the  scale  of  the  plot.  The 
height  of  the  peak,  as  a  percentage  of  the  peak  height 
at  p  =  (7r/2, 7r/2)  and  half-filling  is  about  15%.  Fol¬ 
lowing  the  criteria  described  before,  the  result  ob¬ 
tained  at  (n)  =  0.87  in  the  Hubbard  model  is  labeled 
as  still  “observable”  (although  it  is  rather  weak). 
Whether  this  PES  weight  corresponds  to  an  actual 
sharp  band  dispersing,  to  a  broader  feature,  or  a  com¬ 
bination  of  both,  is  difficult  to  address  with  the  ME 
technique  which  has  low  resolution,  but  nevertheless 
it  is  clear  that  it  is  induced  by  antiferromagnetism. 
At  (n)  =  0.70,  the  signal  at  p  =  (3x/4,  37r/4)  carries 
a  small  weight  of  only  4%,  and  as  the  electronic  den¬ 
sity  is  reduced  further  the  system  smoothly  converges 
to  the  non-interacting  limit.  Then,  for  this  particular 
calculation  we  tentatively  conclude  that  a  doping  of 
25%  holes  makes  the  antiferromagnetically  induced 
weight  almost  negligible,  while  at  12%  doping  the  ef¬ 
fect  is  still  observable. 

To  check  the  sensitivity  of  our  conclusions  to  the 
model  used,  let  us  also  consider  the  well-known  2D 
t  —  J  Hamiltonian.  This  model  cannot  be  studied 
with  Monte  Carlo  techniques,  thus  exact  diagonaliza- 
tion  was  used.[9]This  algorithm  works  at  T=0,  and 
dynamical  information  can  be  obtained  in  real  time. 
Its  restriction  to  small  clusters  should  not  be  a  major 
problem  in  calculations  where  is  very  small.  To 
increase  the  momentum  resolution  along  the  diago¬ 
nal  in  the  BZ,  we  combined  the  results  of  the  16  sites 
cluster  (providing  momenta  (0,  0),  (y,  y),  (tt,  tt))  and 
the  18  sites  cluster  (containing  (j,  j),  (^,  ^)).^  In 
Fig.2,  the  PES  A(p,u;)  spectrum  is  shown  for  the  t- 
J  model.! /t  =  0.4  was  selected  as  an  example,  but 
we  checked  that  the  results  are  similar  in  the  range 
between  J/t  =  0.2  and  J/t  =  0.8.  As  expected,  at 
half-filling  the  largest  peak  near  the  chemical  po¬ 
tential  (quasiparticle)  is  obtained  at  p  =  (y,  y).  In¬ 
creasing  the  diagonal  momenta  away  from  it,  a  con¬ 
siderable  amount  of  spectral  weight  induced  by 


3 

These  calculations  were  carried  out  on  a  Cray-90  super¬ 
computer  and  IBM  workstations.  The  largest  Hilbert  space 
handled  (i.e.  N=18,  5  holes)  contains  816816  states,  exploit¬ 
ing  the  translational  invariance  symmetry.  Typically  each  PES 
Hgure  contains  about  200  poles. 


is  observed.  Moving  away  from  half-filling  into  the 
subspace  of  two  holes  (nominal  density  (n)  ~  0.88) 
the  dominant  peak  remains  at  p  =  (y,  y)  within  our 
momentum  resolution.  At  (y,y)  the  quasiparticle 
strength  is  still  large  and  coherent.  On  the  other 
hand,  at  p  =  (^,  ^)  the  peak  seems  now  broader  in 
the  scale  used,  although  its  integrated  spectral  weight 
remains  close  to  that  of  p  =  (y,  y). 


2D  1-.I,  PES,  .l/l=().-1 


Fig. 2. PES  A(p,w)  evaluated  using  exact  diagonalkation 
techniques  for  the  2D  t-J  model,  at  J/t  =  0.4  on  4  X  4  and 
v/TS  X  \/T8  clusters.  We  assumed  t  =  0.4eV,  and  provided 
a  width  S  =  O.lt  to  the  peaks. 


The  height  of  the  peak  at  p  =  (27r/3,  27r/3)  as  a  per¬ 
centage  of  the  largest  peak  located  at  p  =  (■f/2,  x-/2) 
(with  or  without  holes)  is  15-20%  i.e.  within  the 
“observable”  region  defined  before.  Finally,  at  den¬ 
sity  (n)  =  0.77,  the  result  resembles  that  of  a  non¬ 
interacting  system  with  a  Fermi  momentum  close  to 
p  =  (tt/S,  7r/3),  above  which  the  signal  is  too  weak  to 
be  observable  in  PES  experiments.  Then,  our  rough 
estimations  within  the  t-J  model  are  similar  to  those 
of  the  Hubbard  model,  i.e.  weight  above  pp  can  still 
be  observed  at  (n)  ~  0.88  but  no  longer  at  density 
(n)  ~  0.77.  To  make  contact  with  experiments  it  is 
necessary  to  consider  the  spin  correlations[ll].  At 
half-filling,  (af  is  clearly  larger  than  the  lattice  size. 
At  (n)  ~  0.88,  a  crude  exponential  fit  of  the  spin 
correlation  vs.  distance  gives  (af  ~  1.5a  (similar  to 
that  of  YBCO  and  Bi2212  at  optimal  doping),  while 
at  (n)  ~  0.77,  (af  is  less  than  one  lattice  spacing. 
Then,  we  again  arrive  to  the  conclusion  that  for  a 
real  material  with  ~  2a  the  antiferromagneti¬ 
cally  generated  PES  weight  is  weak  but  may  still  be 
observable  above  the  background. 

In  Fig. 3,  A(p,ii;)  is  shown  again  at  (n)  ~  0.88 
using  an  expanded  energy  scale.  The  dispersion  of 
the  sharp  peak  (I)  discussed  before  in  Fig.2,  has  a 
bandwidth  of  order  J,  while  at  higher  energies  a  con- 
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siderable  amount  of  spectral  weight  is  found  con¬ 
tributing  to  the  bulk  of  the  valence  band  (II).  Peak 
(I)  is  clearly  caused  by  antiferromagnetic  correlations 
and  it  is  in  good  agreement  with  the  qualitative  dis¬ 
cussion  of  Kampf  and  Schriefrer.[3]ME  entropy  tech¬ 
niques  cannot  resolve  these  two  peak  structure,  and 
thus  exact  diagonallzation  is  needed  to  quantitatively 
analyze  these  features. 


oi(eV) 


Fig.3.PES  A(p,  w)  for  the  t-J  model  at  (u)  0.88,  J/t=0.4, 

clusters  of  16  and  18  sites,  and  expanding  the  energy  scale  to 
observe  the  two  peak  structure.  We  use  6  —  0.25t. 


Summarizing,  an  analysis  of  the  PES  spectra  in 
the  2D  Hubbard  and  t-J  models,  at  several  densi¬ 
ties  and  couplings,  was  reported.  If  these  models  re¬ 
produce  the  physics  of  the  high-Tc  compounds,  then 
we  conclude  that  antiferromagnetically  induced  pho¬ 
toemission  weight  should  be  observable  even  for  ma¬ 
terials  with  spin  correlations  lengths  of  only  a  cou¬ 
ple  of  lattice  spacings,  as  in  Bi2212  at  optimal  dop¬ 
ing.  This  is  compatible  with  the  experimental  results 
of  Ref.  [2].  However,  this  regime  is  at  the  verge  of 
observability.  The  PES  signal  above  pp  should  no 
longer  be  visible  above  the  large  PES  experimental 
background  at  slightly  larger  dopings.  To  gather  fur¬ 
ther  evidence  that  the  weak  experimental  signal  is 
indeed  caused  by  antiferromagnetism  we  believe  that 
it  is  necessary  to  carry  out  PES  experiments  as  a 
function  of  hole  doping.  The  strength  of  the  sig¬ 
nal  above  pp  should  increase  as  the  system  moves 
away  from  the  optimal  doping  towards  half-filling.  A 
possible  candidate  for  such  a  study  is  YBCO  with  a 
critical  temperature  of  about  60K.  Another  alterna¬ 
tive  within  the  Bi2212  family  would  be  to  consider 
Bi2Sr2Cai_xLuxCu208+i  which  seem  to  be  under¬ 
doped. [12] 
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We  study  a  3-band  model  of  CuOj  with"bare  bones"  interactions:  hopping  from  copper  ions  to 
nearest-neighbor  oxygens  t^  only,  a  two-body  interaction  on  the  copper  ions  only,  and  an 
overlap  copper-oxygen  parameter  In  the  limit  t^^  «  -«>  ,  t*=tp//2f/jj  is  the  unit  of 

energy  with  as  the  only  parameter  of  significance.  If  the  two-body  interaction  is  invariant 
under  particle-hole  interchange,  the  low-lying  states  (energy  0(t*))  can  be  described  by 
conserved  particles  and  can  all  be  classified.  They  are  quite  distinct  from  the  high-lying  states 
(energies  0({/jj)).  The  dynamics  of  the  conserved  fermion-like  elementary  particles  are  well 
described  by  a  modified  t-J  model  with  extended  hopping  and  nearest-neighbor  superexchange 
attraction.  This  is  a  scenario  known  to  be  favorable  to  high-temperature  superconductivity,  but 
it  must  be  noted  that  both  the  hopping  range  and  the  exchange  are  functions  of 
Moreover,  if  the  Hamiltonian  is  not  invariant  under  particle-hole  interchange  the  dynamics 
becomes  much  more  complex  and  possibly  more  inimical  to  high-temperature 
superconductivity.  This  may  provide  an  explanation  for  the  deleterious  effect  on 
superconductivity  of  very  small  concentrations  of  certain  impurities. 


KEY  WORDS:  Copper  oxide;  three-band  model;  t-J  model. 


INTRODUCTION 

The  low-energy  states  of  a  unit  cell  in  a  CuOj  plane  consists 
of  a  doublet  Cu^*  ion  (2  spin  orientations)  and  two  singlet  O^' 
ions  (each  convertible  to  a  doublet  O'")  for  a  total  of  2x3x3 
=  1 8  possibilities.  If  we  allowed  high-energy  states  Cu‘’"and 
Cu’^  as  well,  that  raises  the  total  to  36.  Thus  the  simple 
"hopping"  of  an  electron  (or  hole)  from  one  cell  to  the  next 
involves  possibly  as  many  as  (14)  x  36^  x  36^  =  0(10®) 
matrix  elements.  Conservation  laws  and  other  constraints 
reduce  this  number  to  0(100),  but  that  is  still  too  great  for 
practical  purposes.  This  paper  describes  a  procedure  which 
reduces  the  effective  number  of  matrix  elements  to  a 
manageable  few,  allowing  the  low-lying  states  to  be 
described  by  an  extended  t-J  model  with  some  additional 
embellishments.  There  are  several  key  concepts  contributing 
to  the  simplification. 
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1.  Use  of  nonorthogonal  orbitals  allows  both  the 
exchange  mechanism  and  the  band  structure  for  the  motion 
of  composite  particles  to  be  computed  in  lowest-order  of 
perturbation  theory. 

2.  Inclusion  of  the  nonorthogonality  parameter  k  into  the 
anticommutation  relations  permits  the  many-body  problem 
to  be  formulated  in  the  usual  way,  without  incurring  the  so- 
called  "nonorthogonality  catastrophe." 

3.  Use  of  an  Hamiltonian  invariant  under  particle-hole 
transformations  results  in  conserved  quasiparticles,  such  as 
the  "holes"  which  are  injected  into  an  antiferromagnetic 
plane  and  which  convert  it  into  a  high-temperature 
superconductor  ("HTS").  The  numbers  seem  to  indicate  that 
this  is  an  approximate  symmetry  property  for  Cu,  so  that  the 
symmetric  interaction  Hamiltonian  in  Eq.  (7)  below  is 
essentially  correct  for  Cu  but  not  necessarily  for 
substitutional  metal  impurities.  Those  which  strongly  violate 
this  ^mmetry  cause  large-scale  fluctuations  inimical  to  HTS, 
so  a  low  concentration  of  such  impurities  may  suffice  to  wipe 
out  HTS. 

4.  The  "limit  model"  procedure  (described  below)  ensures 
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all  interesting  terms  scale  with  t*=/p//2Ujj,  our  unit  of 
energy,  to  a  fractional  accuracy  of  0(tpj/f/jJ  or 

NONORTHOGONALITY 

Anderson  [1]  pointed  out  that  the  principal  contribution  to 
the  mechanism  of  superexchange  occurs  in  leading  (second-) 
order  of  the  orbital  overlap  parameter  and  not  in  fourth-order 
in  the  hopping  parameter.  We  limit  the  overlap  to  the 
copper  orbital  with  any  of  its  nearest-neighbor  oxygens: 

(1) 


As  a  consequence  we  find  [2]  that  superexchange  is  confined 
to  nearest-neighbor  interactions,  with  J  =  16t*A,p/.  The 
principal  charge  carriers  are  composite  SU2  states  embedded 
in  a  background  of  Zhang-Rice  singlets  [3],  They  are 
subject  to  a  hard-core  on-site  repulsion  and  possess  a  band- 
structure: 

e,(*)-Q,(fc)6/*r(0)  (2) 

where  T{Qi)  is  just  the  average  of  ^j.(k)  over  the  B.Z.,  the 
latter  defined  by: 

£2  ,  with 

— - IT  (3) 

Ci)(t)=2.  sin^ — +gin*— 

\  2  2 


The  quantities  r(R)  are  the  lattice  F.T.'s  of  The 

effective  hopping  matrix  element  of  the  charge  carriers  is 
given  by  /pjj(Rij)6t*r(0).  An  abridged  table  of  Ts  follows. 


TABLE  I:  A  few  r(R)  as  function  of  overlap 


These,  then,  are  the  parameters  which  enter  the  effective  t- 
J  model.  What  follows  is  a  brief  explanation  of  how  they 
were  obtained.  We  show  the  dispersion  in  Fig.  1  below. 


1.- 

1. 

1 

0.9 

O.i 


Fig.l.  Dispersion  of  a  single  "electron" 

(e  in  arbitrar>’ units  vs.  k^fJCy  ) 
top:  for  8  x^=0 . 5 
bottom:  for  8 X2=0 . 9 

With  nearest-neighbor  hopping  parameter  and  a  2- 
body  interaction  Hamiltonian  //j,:  centered  on  the  coppers, 
the  starting  point  is: 

H=  ®  ®  ^  ^ 2,. 

it.o  I  I  i 

(4) 

where  a  refers  to  horizontal  ligand-oxygen  orbital  4*^  (x),^) 
to  vertical  ligands  4>p(y),  and  c  to  the  copper  ¥j(x^-y^) 
orbital.  As  these  are  not  mutually  orthogonal  it  is  possible 
to  insert  an  electron  in  a  p(x),  and  pull  it  out  of  one  of  the 
2  neighboring  t/(x^-y^)'s  with  nonzero  probability 
amplitude  Apj.  The  equivalent  statement  in  second- 
quantization  is  simply,{ai,Cj’"}=A.pd  for  i,j  nearest- 
neighbors,  in  correspondence  with  Eq.(l).  When  expressed 
in  terms  of  the  Bloch  operators  this  results  in  novel 
anticommutation  relations. 
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+  k,  (5) 

The  a  and  b  operators  are  then  expanded  in  an  orthogonal 
basis  of  a,  p,  and  c  operators.  After  some  algebra,  one 
finds  that  (4)  transforms  into: 


{  -[<o(«  (k)^  l-Xl^\k))+H.C.] 

kyO 


The  symmetric  2-body  interaction  Hamiltonian  on  the  /'*’ 
copper  ion  is  unaffected. 


Note  the  absence  of  p  operators  in  (6);  this  implies  that  a 
band  of  localized  "P"  states  is  found  at  0  energy.  As  this 
band  is  normally  fully  occupied,  together  with  one  electron 
on  the  copper  we  conclude  each  cell  contains  at  least  3 
electrons.  For  present  purposes,  we  shall  denote  such  a  state 
with  2  electrons  on  the  oxygens  and  a  single  electron  on  the 
copper  as  a  SUj  "hole".  The  energy  of  an  electron  on  the 
copper  (Cu^"")  is  0,  in  "resonance"  with  the  energy  of  an 
electron  on  an  oxygen  orbital.  In  the  symmetric  model,  the 
energy  of  Cu^"'  is  set  equal  to  the  energy  of  Cu‘^;  both  are 
t/dd- 


Next  we  decompose  the  Hamiltonian  into  the  site- 
diagonal  contributions,  which  include  the  2-body  forces 
and  the  inter-site  contributions.  A  cell  containing  4  electrons 
can  be  either  in  a  Zhang-Rice  singlet  configuration,  or  in  a 
triplet  configuration;  the  former  lies  much  lower.  For 
present  purposes,  we  shall  call  this  state  a  singlet  or  triplet 
"vacancy".  Relative  to  the  "vacancy",  a  "hole"  is  positively 
charged,  and  a  state  with  5  electrons  is  negatively  charged. 
The  lowest  energy  state  of  a  cell  with  5  electrons  is  an  SU2 
doublet.  (These  5's  are  essentially  the  particles  which  are 
found  to  "hop"  on  background  of  4's,and  are  dynamically 
subject  to  an  extended  t-J  model  as  described  above.  Some 
details  of  the  calculation  are  found  in  ref  2.)  We  shall 
denote  the  5's"electrons"  for  present  purposes.  When  there 
is  an  "electron"  at  each  site  the  nearest-neighbor 
antiferromagnetic  bonds  J  produce  what  is  essentially  an 
Heisenberg  model  of  spins  1/2.  The  hard-core  potential 
makes  the  fermi  statistics  irrelevant  in  the  absence  of  any 
"vacancies".  The  electrical  conductivity  -  and  ,  a  fortiori, 
superconductivity  -  depends  on  the  presence  of  a  finite 
fraction  of  "vacancies". 


The  particle-hole  symmetry  in  (7)  can  be  broken  in  any 
number  of  ways,  the  simplest  being  by  the  introduction  of  a 
1 -body  energy  correction Ae^(«,  ,+n.  i).  Note  that//' 
lifts  the  "resonance"  of  the  cZ-orbital  with  the  /j-orbitals.  If 
Afij  is  a  significant  fraction  of  11^  then  2  nearby  "vacancies" 
can  scatter  into  a  "hole"-"electron"  pair  with  finite 
probability  amplitude.  To  the  extent  that  these  virtual 
processes  occur,  they  block  configuration-space  for 
"electrons"  and  act  as  pair-breakers  for  Cooper  pairs  of 
"electrons"  in  the  superconducting  phase.  An  impurity  atom 
substituting  for  a  copper  ion  at  the  site  would,  typically, 
have  a  significant  magnitude  of  IAcj  I  and  would  simulate  a 
fixed  "vacancy".  Combined  with  a  nearby  mobile  "vacancy" 
this  forms  an  extended  "hole"-"electron"  pair  complex 
inimical  to  the  passage  of  tree  "electrons".  The  effective 
scattering  cross-section  of  such  a  complex  depends  on  the 
value  of  the  parameter  A  e^,  the  amount  of  deviation  from 
particle-hole  symmetry,  a  property  of  the  particular  impurity. 
As  the  scattering  from  such  fluctuations  could  easily  exceed 
the  unitarity  limit  of  scattering  from  those  ordinary 
perturbations  which  are  expressible  as  fixed  potentials,  this 
may  provide  the  explanation  of  how  a  negligibly  small 
percentage  concentration  of  substitutional  Zn^""  suffices  to 
destroy  HTS.  [4] 

CONCLUSION 

We  have  investigated  the  nature  of  the  quasiparticles  in 
copper  oxide  planes  and  find  that  the  most  important  ones 
are  the  complexes  we  have  denoted  "electrons", "vacancies" 
and  "holes".  In  addition  there  are  "triplet  vacancies".  Their 
role,  and  that  of  the  high-energy  states  remains  to  be 
clarified.  For  the  "electrons"  in  the  presence  of  "vacancies", 
a  modified  t-J  model  describes  the  low-lying  dynamics  quite 
satisfactorily.  Symmetry-breaking,  whether  caused  by 
replacing  copper  with  another  divalent  metal  ion,  or 
replacing  oxygen  by  a  different  ligand,  causes  spontaneous 
"electron"-"hole"  pair  formation  in  the  neighborhood  of  the 
impurities,  thereby  scattering  free  "electrons"  or  breaking  up 
all  nearby  Cooper  pairs  of  such  "electrons"  in  the 
superconducting  phase  of  the  material.. 
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A  model  of  weakly  interacting  hole  quasiparticles  is  proposed  to  describe  the  normal  state 
of  the  high  temperature  superconductors.  The  effect  of  strong  correlations  is  contained  in  the 
dispersion  of  the  holes.  Many-body  effects  induce  anomalous  quasiparticle  flat  bands  similar 
to  those  observed  in  recent  angle-resolved  photoemission  experiments.  A  model  of  weakly 
interacting  hole  quasiparticles  is  proposed  to  describe  the  physics  of  carriers  in  the  cuprates. 
The  model  predicts  superconductivity  in  the  channel,  with  a  typical  Tc  ~  lOOK.  The 

concept  of  “optimal  doping”  appears  naturally  in  this  model,  as  well  as  a  large  ratio  2A/kTc  ~  5. 

KEY  AVOR.DS:  Superconductivity,  t-J  and  Hubbard  models.  Mechanisms 


1.  INTRODUCTION 

In  this  paper,  it  is  briefly  reviewed  a  model  of 
hole  carriers  in  an  antiferromagnetic  background  that 
has  been  recently  introduced  by  the  author  and  his 
collaborators  under  the  name  of  “Antiferromagnetic 
van  Hove”  (AFVH)  scenario. [l,2]The  model  explains 
in  a  natural  way  many  anomalous  properties  of  the 
cuprates,  and  it  predicts  the  presence  of  d-wave  su¬ 
perconductivity  as  well  as  the  existence  of  an  optimal 
doping  where  the  critical  temperature  is  maximized. 
The  main  assumption  is  that  the  normal  state  of  the 
cuprates  can  be  described  by  a  weakly-interacting  di¬ 
lute  gas  of  hole-quasiparticles. [3]  These  carriers  are 
strongly  dressed  by  antiferromagnetic  spin  fluctua¬ 
tions.  The  influence  of  antiferromagnetism  and 
strong  correlations  is  contained  in  the  special  disper¬ 
sion  relation,  e(k),  which  is  obtained  using  a  numer¬ 
ical  method  applied  to  a  one  band  model  description 
of  the  Cu02  planes, [1]  and  the  interaction  between 
the  quasiparticles  is  also  inspired  by  the  two  hole 
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problem  in  the  t  —  J  model.  Here,  the  main  points 
that  lead  to  the  AFVH  scenario  are  discussed.  The 
reader  is  urged  to  consult  the  original  literature  for 
details. 

2.  ARPES  DATA  AND  HOLE  DISPERSION 

Using  ARPES  techniques  it  has  been  recently 
reported[4,5]  that  an  extended  region  of  flat  Cu02- 
derived  bands  very  near  the  Fermi  energy  exist  for 
Bi2212,  Bi2201,  Y123  and  Y124.  Such  a  universal 
behavior  of  the  cuprates  cannot  be  explained  within 
band  structure  calculations  which  use  different  effec¬ 
tive  electronic  potentials  for  each  compound.  Let  us 
analyze  what  is  the  prediction  of  one  band  models 
for  ARPES  data  in  the  cuprates.  The  calculation 
of  e(k)  was  carried  out  with  the  two  dimensional 
t  —  J  model[l]  but  other  models  could  have  been  used 
as  long  as  antiferromagnetic  correlations  are  strong. 
The  t  —  J  model  Hamiltonian  is  defined  as 

H=  -  t^(cj„cja-t-h.c.)-b  J^(Si.Sj-ininj),(l) 
(>j)  (>j) 

where  the  notation  is  standard.  e(k)  was  calculated 
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using  a  Green  Function  Monte  Carlo  (GFMC) 
method  [6]  which  allows  the  study  of  large  clusters 
of  8  X  8,  12  X  12  and  16  x  16  sites  minimizing  fi¬ 
nite  size  effects.  Other  techniques  (Lanczos  method 
on  clusters  from  16  to  26  sites  and  non-crossing  dia¬ 
grammatic  approximations),  produce  results  in  good 
agreement  with  GFMC. [7]  In  Fig.  la,  the  numerically 
evaluated  e(k)  is  shown  for  J/t  =  0.4  along  particular 
directions  in  the  Brillouin  zone.  The  minimum  in 
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-1.2  H 


-1.6  h 
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the  experimental  data  for  LSCO.  For  details  the 
reader  should  consult  Ref.[l]. 

An  important  detail  of  Fig.  la  is  the  near  flatness 
of  the  energy  in  the  vicinity  of  k  =  (x,  0).  This  fea¬ 
ture  is  in  good  agreement  with  ARPES  results. [4,5] 
These  authors  remarked  that  such  a  flat  region  near 
(0,  tt),  (it,  0)  is  observed  in  several  high-Tc 
compounds  and  seems  a  universal  property  of  the 
hole-doped  cuprates.  In  Ref.[l]  and  [2]  the  theo¬ 
retically  observed  flat  region  of  Fig. la  was  explicitly 
compared  with  ARPES  experiments  finding  an  excel¬ 
lent  agreement.  Thus,  the  flatness  of  the  k  =  (t,  0) 
region  in  the  cuprates  has  a  many-body  origin,  rather 
than  being  induced  by  band  effects.  Intuitively,  it  is 
the  presence  of  saddle-points  near  X  and  Y  (also  no¬ 
ticed  in  Ref.  [3])  which  is  responsible  for  the  abnormal 
flatness  of  the  hole  dispersion.  The  presence  of  the 
saddle-points  produces  a  density  of  states  DOS  with  a 
van-Hove  (vH)  singularity  (Fig. lb).  The  similarities 
with  the  vH  scenarios  discussed  before  in  the  literai- 
ture  are  remarkable. [8]  In  the  previous  vH  ideas  the 
saddle  point  is  generated  by  band  effects,  while  here 
many  —  body  effects  in  the  CuOj  planes  are  crucial, 
and  thus  our  predictions  are  universal  for  all  hole- 
doped  cuprates.  Even  recent  experiments  by  Wells 
et  al.[9]  on  Sr2Cu02Cl2  (half-filling),  can  be  fit  well 
by  the  inclusion  of  a  hopping  amplitude  along  the 
diagonals  i.e.  the  t  —  t'  —  J  model. [10] 


Fig.l.(a)  Energy  of  a  hole  in  the  t  —  J  model,  c(k),  vi  mo¬ 
mentum  obtained  with  the  GFMC  method  on  a  12  X  12  lattice 
(open  squares)  and  J/t  =  0.4  (in  units  of  t).  Results  for  an 
S  X  8  cluster  (open  triangles)  and  a  16  X  16  cluster  (full 
squares)  arc  shown,  (b)  Density  of  states  obtained  from  a  fit 
of  the  numerical  data  Fig.la  showing  the  van-Hove  singularity 
between  M  and  X.  The  unit  of  energy  is  t  (from  Ref.[l]). 

the  energy  is  obtained  at  the  M  point  k  =  (7r/2,7r/2) 
in  agreement  with  several  previous  approximate  cal¬ 
culations.  The  main  effective  contribution  to  e(k) 
arises  from  hole  hopping  between  sites  belonging  to 
the  same  sublattice,  to  avoid  distorting  the  AF  back¬ 
ground.  The  total  bandwidth,  W,  is  severely  reduced 
from  that  of  a  gas  of  non-interacting  electrons  due  to 
the  antiferromagnetic  correlations  (the  vertical  axis 
in  Fig.la,b  is  in  units  of  the  hopping  t,  which  is 
«  0.4eV).  Note  also  that  all  momenta  belonging  to 
the  non-interacting  2D  Fermi  surface  coskx  +  cosky 
=0  are  very  close  in  energy  in  the  t  —  J  model.  In 
the  range  0.3  <  J/t  <  0.7,  we  found  that  the  energy 
difference  between  (7r/2,ir/2)  and  (0,  tt)  is  approxi¬ 
mately  15%  to  20%  of  the  total  bandwidth.  Since 
W  ~  J,  then  important  effects  are  expected  at  room 
temperature. [l]This  small  energy  scale  produces  a 
Hall  coefficient  Rh  in  quantitative  agreement  with 


3.  AF-INDUCED  PES  SIGNAL 

Before  continuing  with  the  discussion  of  the 
AFVH  model  for  weakly  interacting  quasiparticles, 
let  us  address  the  presence  of  antiferromagnetic  cor¬ 
relations  in  the  normal  state  of  the  cuprates  at  opn 
timal  doping.  NMR  studies  in  the  normal  state  of 
YBa2Cu306.94  (YBCO)  suggest  an  antiferromagne¬ 
tic  correlation  length  (af  ~  2a  (where  a  is  the  lat¬ 
tice  spacing). [11]  Naively,  this  correlation  seems  too 
small  to  be  of  relevance.  On  the  other  hand,  recent 
photoemission  (PES)  experimental  results  by  Aebi 
et  al.[12]in  Bi2Sr2CaCu208  (Bi2212)  with  Tc=85K, 
using  sequential  angle-scanning  data  acquisition  to 
obtain  PES  intensities  within  a  narrow  energy  win¬ 
dow  near  the  Fermi  energy  Ep,  reported  evidence  of 
antiferromagnetically  induced  spectral  weight  above 
the  naive  Fermi  momentum  pp  {ui  <  0).  This  re¬ 
sult  is  compatible  with  the  “shadow  bands”  scenario 
of  Kampf  and  Schrieffer[13]  which  is  a  consequence 
of  antiferromagnetic  correlations  in  the  normal  state. 
At  half-filling,  these  bands  above  pp  are  caused  by 
the  enlarged  magnetic  unit  cell  of  the  Cu02  planes 
produced  by  the  long  range  antiferromagnetic  order 
in  the  ground  state.  This  effective  reduction  in  the 
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size  of  the  Brillouin  zone  (BZ)  has  interesting  impli¬ 
cations  for  PES  experiments.  [13]  For  example,  along 
the  diagonal  p,^  =  py  =  p,  and  assuming  long-range 
order,  peaks  at  momenta  pi=(p,  p)  and  Pa  =  (tt  —  p, 
x  —  p)  should  appear  at  the  same  energy  location, 
for  any  value  of  p.  The  PES  weight  {w  <  0)  ob¬ 
served  in  the  region  above  the  non-interacting  pp  is 
induced  by  strong  magnetic  correlations. [13]  How  im¬ 
portant  is  this  antiferromagnetically  generated  PES 
weight  at  finite  density?  Only  recently  aQuantum 
Monte  Carlo  and  Exact  Diagonalization  calculation 
in  the  proper  regime  of  strong  coupling  has  been 
discussed. [14].  At  density  (n)  =  0.88  and  coupling 
J/t  =  0.4,  the  AF  correlation  is  of  only  two  lattice 
spacings  as  in  optimal  YBCO.  Nevertheless  a  sharp 
peak  was  observed  in  Ref. [14]  near  the  chemical  po¬ 
tential  (located  at  zero  energy)  even  for  momenta 
(2x/3,2x/3)  i.e.  above  the  naive  Fermi  momentum. 
This  peak  is  correlated  with  AF  and  dissappears  with 
further  increasing  of  the  density.  But  at  (n)  =  0.88  it 
is  still  observable,  giving  more  support  to  the  inter¬ 
pretation  of  Aebi  et  al.’s  data[12]and  to  theoretical 
scenarios  based  on  AF. [13, 15,2]  In  short,  an  antiferro¬ 
magnetic  correlation  of  two  lattice  spacings  can  pro¬ 
duce  observable  results  in  PES  experiments  for  the 
cuprates. 

4.  d-WAVE  SUPERCONDUCTIVITY 

Let  us  now  introduce  interactions  among  the 
quasiparticles.  We  will  follow  ideas  based  on  an¬ 
tiferromagnetism  to  produce  the  pairing  attraction 
needed  for  superconductivity.  However,  there  is  an 
important  distinction  with  respect  to  previous  “AF- 
oriented”  literature[l5]:  the  DOS  of  the  quasiparti¬ 
cles  has  a  large  peak  that  induces  in  a  natural  way  the 
existence  of  an  optimal  doping  i.e.  a  density  at  which 
the  critical  temperature  is  maximized.  Previous  AF 
scenarios  in  the  literature  do  not  explain  easily  the 
presence  of  an  optimal  doping  in  the  cuprates. 

Consider  the  rigid  band  approximation  for  the 
hole  dispersion  i.e.  we  assume  that  the  DOS  does 
not  change  much  with  doping  near  half-filling  (nu¬ 
merical  results  supporting  this  scenario  will  be  pub¬ 
lished  soon).  To  build  up  a  model  for  the  cuprates  we 
construct  the  interaction  between  the  quasiparticles 
based  on  the  two  dimensional  t  —  J  model,  where  it  is 
well-known  that  an  effective  attractive  force  exists  in 
an  antiferromagnet  leading  to  the  bound  state  of  two 
holes  in  the  d-wave  channel. [7]As  shown  numerically 
in  many  studies,  the  dominant  effective  attraction  is 
between  nearest-neighbors  sites.  Thus,  the  model  we 
will  use  in  our  studies  is 


H—  (2) 

P'“  (ij) 

where  Cp^  is  an  operator  that  destroys  a  quasipar¬ 
ticle  with  momentum  p  in  sublattice  a  =  A,  B;  ni 
is  the  number  operator  at  site  i;  jVj  =  0.6J  (which 
can  be  deduced  from  the  t  —  J  model  as  discussed  in 
Ref.[2]),  and  fp  is  the  dispersion  evaluated  in  Ref.[l]. 
Since  in  the  original  t-J  language  quasiparticles  with 
spin-up(down)  move  in  sublattice  A(B),  the  interac¬ 
tion  term  can  also  be  written  as  a  spin-spin  interac¬ 
tion.  This  Hamiltonian  has  been  constructed  based 
on  strong  AF  correlations,  and  it  has  a  vH  singularity 
in  the  noninteracting  DOS,  thus  we  will  refer  to  it  as 
the  “antiferromagnetic-van  Hove”  (AFVH)  model. 


Fig.2. Critical  temperature  Tc  of  the  AFVH  model  as  a  fimc- 
tion  of  hole  density  x  (=  1  —  (n))  (using  the  BCS  gap  equa- 
tion).  The  superconducting  state  is  d-wave. 

We  studied  the  AFVH  model  with  the  standard 
BCS  formalism.  Since  jVj/W  ~  0.3,  where  W  is  the 
bandwidth  of  the  quasiparticles,  the  gap  equation 
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should  produce  a  reliable  estimation  of  Tc  since  we 
are  effectively  exploring  the  “weak”  coupling  regime 
of  the  AFVH  model.  Solving  the  gap  equation  on 
200  X  200  grids,  we  observed  that  the  free  energy  is 
minimized  using  a  d^a-ys  order  parameter.  In  Fig. 2, 
Tc  against  the  hole  density  is  shown.  Two  features 
need  to  be  remarked:  i)  an  optimal  doping  exists  at 
which  Tc  is  maximized  which  is  a  direct  consequence 
of  the  large  peak  in  the  DOS  of  the  quasiparticles. 
Note  that  such  a  peak  would  have  an  important  ef¬ 
fect  even  in  theories  where  the  hole  interaction  is 
phonon  mediated  rather  than  spin- wave  mediated.  In 
other  words,  one  of  the  main  concepts  introduced  in 
Ref.[l]  and  [2],  i.e.  a  van  Hove  singularity  generated 
by  antiferromagnetism,  is  not  restricted  to  models 
where  superconductivity  is  produced  by  an  electronic 
mechanism;  ii)  the  optimal  doping  (15%)  and  optimal 
Tc  ~  lOOK  are  in  good  agreement  with  the  cuprates 
phenomenology.  Although  in  the  AFVH  model  the 
natural  scale  of  the  problem  is  J  ~  lOOOK,  since  the 
ratio  between  coupling  and  bandwidth  is  small,  Tc  is 
further  reduced  in  the  weak  coupling  BCS  formalism 
to  about  lOOK.  Note  that  this  quantitative  agreement 
with  experiments  is  obtained  without  the  need  of  ad- 
hoc  fitting  parameters. 

The  ratio  R(T)  =  2Amax(T)/kTc  can  be  cal¬ 
culated  from  the  gap  equation,  (for  a  d-wave  con¬ 
densate,  Amax(T)  is  defined  as  the  maximum  value 
of  the  gap).  At  T  =  0,  the  AFVH  model  predicts 
R(0)  =  5.2  while  recent  tunneling  experiments[16] 
give  6. 2. Other  experiments  have  reported  a  smaller 
value  for  R(0).  For  example,  ARPES  data  by  Ma  et 
al.[17]  obtained  R(0)  =  4.6,  while  an  average  over  the 
pre-1992  literature[18]suggested  R(0)  =  5  ±  1  sujj- 
porting  the  results  of  the  AFVH  model.  We  have 
also  verified  that  an  important  feature  of  previous 
vH  scenarios[8]  also  exists  in  our  model,  i.e.  a  quasi¬ 
particle  lifetime  linear  with  frequency  at  the  optimal 
doping.  [2]  The  stability  of  the  van  Hove  scenario  with 
respect  to  perturbations,  like  a  small  amount  of  dis¬ 
order,  has  been  addressed  explicitly  in  Ref.  [2]  The 
conclusion  is  that  the  number  of  states  in  the  vicin¬ 
ity  of  the  vH  singularity  is  of  the  order  of  the  total 
number  of  states  in  the  full  band,  and  thus  the  influ¬ 
ence  of  disorder  on  the  DOS  is  mild. 

Many  calculations  are  in  preparation.  In  partic¬ 
ular,  the  Hall  coefficient  at  finite  temperature,  spe¬ 
cific  heat,  thermopower  coefficient,  the  possibility  of 
a  nonzero  isotope  effect  in  the  AFVH  scenario,  and 
the  phenomenology  of  the  d-wave  superconducting 
model  defined  in  Eq.(2)  will  be  addressed  soon. 
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The  presence  or  absence  of  Ihe  half-integer  flux  quantum  effect  in  controlled  ori¬ 
entation  tricrystal  grain  boundary  rings  is  a  general  test  of  the  phase  of  the 
superconducting  order  parameter.  One  such  test  proves  that  this  effect  is  symmetry 
dependent,  and  that  the  order  parameter  in  YBa2Cu307  has  lobes  and  nodes 
consistent  with  d-wave  .symmetry.  Our  measurements  show  that  the  flux  in  the 
1/2  integer  ground  state  is  quantized  to  <I>o/2  within  +  3%.  This  puts  limits  on  the 
imaginary  component  of  the  superconducting  order  parameter  in 
YHa2C:u307  _ 

KF/Y  WORDS:  Symmetry;  tricrystal;  half-integer;  flux -quanta. 


Possibly  the  single  most  controversial  topic  in 
solid-state  physics  at  present  is  the  mechanism  for 
high-'I'c  superconductivity.  Of  special  interest  is  the 
question  of  whether  the  interaction  that  forms 
Cooper  pairs  in  the  high-Tc  superconductors  is  me¬ 
diated  by  phonons  or  by  spin-fluctuations.  Although 
there  is  a  great  deal  of  controversy  over  how  to  dis¬ 
tinguish  between  these  two  possibilities,  one  test  is 
nearly  universally  agreed  upon:  If  the  superconduct¬ 
ing  order  parameter  does  not  have  d-wavc  (  ki  — 

)  symmetry,  then  the  pairing  mechanism  probably 
does  not  involve  spin-fluctuations[l]. 

A  distinctive  feature  of  an  order  parameter  with 
d-wave  symmetry  is  that  it  switches  sign  on  rotation 
by  90  degrees  relative  to  the  crystalline  axes.  Almost 
a  decade  ago  Geshkenbein  et  al.[2]  predicted  that 
such  a  sign  change  in  unconventional  superconduc¬ 
tors  could  result  in  flux  quantization  with  half  the 
conventional  value.  The  basic  argument  is  simple; 
Consider  a  superconducting  ring  with  one 
Josephson  weak  link  arranged  such  that  in  the  ab¬ 
sence  of  a  supercurrent  there  is  a  sign  change  of  the 
superconducting  order  parameter  across  the  weak 
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link.  A  ring  with  an  odd  number  of  such  sign 
changes,  or  tt  shifts  in  phase,  is  called  a  tr-ring.  A 
rr-shift  costs  Josephson  coupling  energy,  and  if  the 
inductive  energy  associated  with  circulating  super¬ 
current  is  less  than  this  energy  (  27rLlc  >  >  <I)o  , 
where  L  is  the  ring  inductance  and 
<I>o  =  h/2e  =  20.7G  —  ^m^  is  the  flux  quantum  ),  it 
is  energetically  favorable  for  a  spontaneous 
magnetization  of  <I>o/2  to  appear  in  the  ring.  The 
flux  tlireading  the  ring  causes  a  phase  change  of  n 
to  develop  around  the  ring,  which  adds  to  the  tt 
change  at  the  interface  for  a  total  change  of  2n, 
making  the  order  parameter  single  valued.  There  is 
a  ladder  of  allowed  flux  states  in  such  a  ring  with 
values  (N  +  l/2)(I>o,  where  N  is  an  integer. 

There  have  been  a  number  of  reports  of  indirect 
evidence  for  such  spontaneous  magnetization,  either 
from  the  magnetic  properties  of  granular  high-Tc 
fdms[3],[4],  or  from  measurements  of  SQUIDs 
with  special  geometries[5],  [6].  Recently  we  re¬ 
ported  the  first  direct  observation  of  half-integer 
quantization,  in  tricrystal  grain-boundary  junction 
thin-film  rings  of  YBa2Cu307  -,5[7],  using  a  scan¬ 
ning  SQUID  microscope.  Tliis  observation  strongly 
supports  d-wave  pairing,  since  d-wave  pairing  pro¬ 
vides  a  natural  mechanism  for  tt  phase  shifts. 
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However,  tliere  have  been  at  least  two  symmetry 
independent  mechanisms,  spin-flip  scattering  by 
magnetic  impurities  at  the  tunnel  barrier[8],  and  in¬ 
direct  tunneling  through  a  localized  state  (  corre¬ 
lation  effects  )  [9]  suggested  to  cause  w-phase  shifts 
at  the  junction  interfaces,  resulting  in  the  1/2  integer 
flux  quantum  effect  in  our  3-junction  rings.  We 
have  designed  and  built  2  samples  with  slightly  dif¬ 
ferent  crystalline  and  grain  boundary  angles,  chosen 
so  that  one  3-junction  ring  should  show  the  1/2  in¬ 
teger  flux  quantum  effect,  while  the  other  should 
not,  if  YBa2Cu307  is  a  d-wave  superconductor. 
The  results  are  as  predicted  for  a  d-wave  supercon¬ 
ductor,  confirming  that  this  effect  is  symmetry  de¬ 
pendent.  In  principle,  symmetry  test  experiments 
with  the  standard  2-junction  SQUID  geometry 
[5], [6], [10]  should  also  provide  a  distinction  be¬ 
tween  d-wave  symmetry  and  symmetry  independent 
mechanisms-  in  favor  of  d-wave.  However,  these 
experiments  are  controversial  because  of  their  com¬ 
plex  geometriesfl  1]. 

Figure  1  shows  the  design  parameters  for  the 
two  samples.  I’he  rings  are  photolithographically 
patterned,  ion  milled  films  1200  A  thick,  10  /rm 
wide,  with  24  /im  inside  diameter,  of  epitaxially 
grown  YBa2Cu307  on  the  substrate.  The 
substrate  is  SrTi03  cut,  reoriented,  polished,  and 
fused  in  such  a  way  that  three  pieces  with  different 
crystalline  orientations  meet  at  a  point.  The 
YBa2Cu307  grows  epitaxially  and  with  axes 
aligned  along  the  underlying  Sr'ri03.  The  polar  plots 
in  Figure  1  show  the  orientations  of  an  assumed  d- 
wave  superconducting  order  parameter  aligned  with 
the  crystalline  a  and  b  axes,  .functions  result  each 
time  a  ring  crosses  a  grain  boundary.  'I'he  strength 
of  the  .losephson  coupling  across  each  grain  bound¬ 
ary  is  proportional  to  the  product  of  the  compo¬ 
nents  of  the  order  parameter  projected  onto  the 
normal  to  the  interface.  The  3-junction  ring  in  the 
TT-ring  geometry  has  an  odd  number  of  sign  changes 
of  the  normal  component  of  the  order  parameter 
across  the  grain  boundaries,  and  the  3-junclion  ring 
in  the  0-ring  geometry  has  an  even  number  of  sign 
changes,  independent  of  the  sign  chosen  to  align 
along,  e.g.  the  (100)  axis  for  any  of  the  sections  of 
the  ring.  Therefore,  while  the  0-junction  rings  and 
2-junction  rings  should  show  integer  flux 
quantization,  only  the  3-junction  ring  in  the  7r-ring 
geometry  should  show  the  1/2  integer  quantum  ef¬ 


fect  if  it  is  due  to  nodes  in  the  superconducting  order 
parameter,  but  both  3-junction  rings  should  show 
the  effect  if  it  is  due  to  a  symmetry-independent 
mechanism.  Sample  characterization  has  been  de¬ 
scribed  elsewhere[7].  The  only  difference  between 
sample  fabrication  and  measurement  of  the  two 
samples  was  the  tricrystal  substrate  geometry.  In 
particular,  both  samples  had  IcL~  lOOff’o  for  all  of 
the  rings  with  junctions. 


100/im 


Fig.  1.  The  upper  section  .shows  the  sample  geometries  Tor  the 
two  Iricrystal  ring  samples  described  in  this  paper.  The  lower 
section  shows  scanning  SQUID  microscope  images  of  the,se 
samples.  The  3-iunction  ring  in  the  rr-ring  geometry  has  <50/2 
flux  spontaneously  generated  in  it.  All  of  the  other  rings  have 
no  flux  in  them. 


The  lower  section  of  Figure  1  compares  scan¬ 
ning  Superconducting  Quantum  Interference  Device 
(  SQUID  )  microscope  [12], [13],  [14],  [15]  images 
from  a  YBa2Cu307  tricrystal  ring  sample  with  the 
TT-ring  geometry  (a)  (  a  different  sample  but  identical 
geometry  as  in  Reference  [7]  )  and  the  0-ring  ge¬ 
ometry  (b),  cooled  to  the  measuring  temperature  of 
4.2K  in  fields  less  than  2  mGauss.  These  images 
were  taken  by  mechanically  scanning  the  10  micron 
diameter  pickup  loop  of  a  SQUID  relative  to  the 
sample.  The  end  of  the  SQUID  substrate  was  pol- 


SQUID  Output  ( (fo  ) 


Ha  if- integer  flux  qiiaiituiu  effeet  in  cuprates 


489 


islicd  to  a  sharp  point  about  10  microns  from  the 
center  of  the  piekup  loop.  The  images  were  taken 
with  the  SQUID  substrate  oriented  about  20  degrees 
from  parallel  to  and  in  direct  contact  with  the  sam¬ 
ple,  so  that  the  loop  sampled  primarily  the  normal 
component  of  the  magnetic  field  about  3  microns 
above  the  sample  surface,  lire  images  in  Figure  1 
were  taken  in  zero  field.  The  false  color  table  in  this 
image  spans  a  range  of  0.014  Oq  change  in  flux 
through  the  sensor  SQUID.  The  mutual  inductance 
between  a  ring  and  the  pickup  loop  centered  above 
a  ring  is  ~  2.4  pH,  and  the  self- inductance  of  the 
rings  is  about  100  pH,  so  that  <I>o/2  flux  in  the  ring 
couples  about  0.012(I)o  into  the  sensor  loop:  The 
flux  threading  through  the  center  3-junction  ring  in 
the  TT-ring  geometry  sample  (a)  is  very  close  to 
(Ik)/2,  while  the  others  have  very  close  to  0  flux.  'I'he 
rings  with  no  flux  trapped  in  them  are  visible  be¬ 
cause  of  slight  changes  in  the  inductance  of  the 
SQUID  pickup  loop  when  it  passes  over  the  super¬ 
conducting  material  in  the  rings.  Images  taken  with 
these  samples  cooled  in  different  fields  showed  that 
the  3-junction  rc-ring  always  had  (N  +  1/2)  Oq  (  N 
an  integer  )  flux  in  it,  while  the  3-junction  0-ring  al¬ 
ways  had  N<l)o,  ruling  out  symmetry-independent 
mechanisms  for  the  1/2  integer  flux  quantization. 


Position  ( |im ) 


Fig.  2.  Scanning  SQUID  microscope  image  of  the  Tt-ring 
tricrystal  sample.  Here  the  center  3-junction  ring  has  3/2  flux 
quanta  in  it,  the  left  and  top  2-junction  rings  have  2  flux  quanta, 
and  the  bottom  0-junction  ring  has  3  flux  quanta  in  it. 


We  calibrated  the  SQUID  signal  resulting  from 
flux  trapped  in  our  rings  in  three  ways,  all  of  which 
agreed  within  10%.  First,  direct  calculation  as  de¬ 
scribed  above,  gave  very  good  agreement  both  for 
the  absoluted  magnitude,  and  the  detailed  shape,  of 
the  images  observed,  assuming  (t>ol2  flux  was 
trapped  in  the  3-junction  ring  in  the  tr-ring  geom¬ 
etry.  Second,  the  sensor  response  was  measured 
when  single  flux  quanta  were  driven  into  the  rings 
by  applying  a  large  magnetic  field[7].  We  describe 
a  tliird  method,  which  we  term  "field  titration"[16], 
here.  Figure  2  shows  a  scanning  SQUID  micro¬ 
scope  image  of  one  of  our  rr-ring  samples,  cooled 
rapidly  through  the  superconducting  transition  in  a 
field  of  about  15mG.  The  dynamics  of  the  cooling 
process  must  be  very  complex,  but  somehow  the 
sample  has  arrived  at  a  state  where  the  central 
3-junction  ring  has  3(I>o/2  flux  trapped  in  it,  the  up¬ 
per  right  and  left  hand  2-junction  rings  have  2<I)o 
flux,  and  the  lower  0-junction  ring  has  3<J)o  flux. 


Fig.  3.  Scanning  SQUID  microscope  cross  sections  through  the 
0-junction  ring,  for  a  series  of  evenly  spaced  applied  external 
magnetic  Fields. 
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Figure  3  shows  the  results  when  the  SQUID  pickup 
loop  is  scanned  over  the  control  ring  while  the  ap¬ 
plied  magnetic  field  is  changed  from  20.  lm(j  to 
24.8mG  in  even  steps.  At  a  field  of  23.8mG,  the  field 
inside  and  outside  the  ring  is  the  same,  'faking  the 
effective  area  of  the  ring  to  be  the  geometric  mean 
area  A  =  Trnro  =  2.564/im^,  where  p,  ro  are  the 
inner  and  outer  radii  of  the  rings  respectively,  the 
flux  through  it  is  4)  =  BA  =  61  G-/im  ^  =  2.95 
d’o-  Figure  4  shows  a  plot  of  the  difference  in  the 
SQUID  output  signal  as  a  function  of  applied  mag¬ 
netic  field,  obtained  by  fitting  the  data  inside  and 
outside  the  rings  to  straight  lines,  for  all  of  the  rings 
in  the  ir-ring  sample.  'I’he  x-axis  intercepts  for  the 
two  2-junction  rings  differ  by  1.5 Vo,  which  we  attri¬ 
bute  to  slight  lithographic  differences  in  the  two 
rings.  If  we  assume  that  the  0-junction  and 
2-junction  rings  have  exactly  3  and  2  flux  quanta  in 
them  respectively,  then  the  effective  area  for  the 
rings  is  2572+  53/xm^,  in  good  agreement  with  the 
geometric  mean  area  of  2564^, m^:.  Such  measure¬ 
ments  with  aU  of  the  rings  in  their  lowest  flux  state 
show  that  the  3-junction  ring  in  the  ir-ring  geometry 
has  O  =  0.490  +  0.015(ho  trapped  in  it.  Further,  the 
difference  in  flux  between  any  of  the  other  rings  in 
either  the  ir-ring  or  the  0-ring  geometries  is 
I  A<I>  I  <  0.0  IOq.  Our  calculations  indicate  that  any 
e.g.  s-wave  component  to  a  presumed  s  +  id  super¬ 
conducting  order  parameter  would  alter  the  flux 
quantization  condition  away  from  exactly  <I)o/2  by 
roughly  the  fractional  portion  that  is  s-wave.  We 


•  3-junction  ring  o  2-junction  rings  a  0-junction  ring 


Fig.  4.  Difference  in  sensor  flux  for  the  sensor  positioned  at  the 
center  of  the  ring  vs  outside  the  ring,  for  all  of  the  rings.  These 
measurements  give  a  value  of  0.490  ±0.015^>o  flux  enclosed  in 
the  .t-junction  rr-ring  sample  in  the  lowest  flux  state. 


therefore  conclude  that  the  superconducting  order 
parameter  in  YBa2Cu307  has  lobes  and  nodes 
consistent  with  d-wave  symmetry  and  put  exper¬ 
imental  limits  of  about  4%  on  any  out  of  phase  s- 
wave  component. 

Fixperiments  on  niobium  rings  with  the  same  size, 
shape,  and  UL  products  as  our  YBa2Cu307  rings, 
always  show  the  conventional  integer  flux 
quantization.  Recently  we  have  repeated  these  ex¬ 
periments  with  IIgBa2CaCu206  tricrystal  rings: 
'Fhey  also  show  1/2  integer  flux  quantization  in  the 
3-junction  ring  in  the  w-ring  geometry.  'Fhis  result 
is  significant  because  IIgBa2CaCu206  does  not  have 
UuO  chains  or  twins,  and  has  tetragonal  rather  than 
orthorhombic  symmetiy.  An  experimental  geometry 
designed  to  distinguish  between  d-wave  ( 
A(k)  ~  cos(2/?)  )  and  extended  s-wave  ( 

A(k)  ~  cos(40)  )  favors  d-wave  pairing.  We  will  re¬ 
port  on  these  results  in  detail  elsewhere. 
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At  present,  the  symmetry  of  the  order  parameter  in  the  high  temperature  superconductor  YBCO  is 
quite  controversial.  Recent  experiments  using  SQUIDs  and  Josephson  junctions  appear  to 
support  competing  theories,  with  some  experiments  supporting  a  d,2.y2  pairing  symmetry  for  the 
order  parameter  and  others  a  s-wave  pairing  symmetry.  We  note  that  a  number  of  factors  such  as 
trapped  flux,  magnetic  field  gradients  and  SQUID  asymmetries  could  lead  such  measurements 
astray.  We  use  a  Scanning  SQUID  Microscope  and  a  time-reversal  invariance  test  to  resolve 
these  experimental  problems.  We  find  the  order  parameter  in  YBCO  has  a  time-reversal 
invariant  dx2.y2  symmetric  component.  We  estimate  the  amplitude  of  any  imaginary  s-wave 
symmetric  component  to  be  less  than  4%  and  any  real  s-wave  component  to  be  less  than  82%. 

KEY  WORDS:  Superconductivity;  pairing  symmetry,  YBCO,  SQUID 


1.  INTRODUCTION 

The  symmetry  of  the  order  parameter  in 
YBa2Cu307  (YBCO)  has  been  the  subject  of  much 
controversy  [1].  Some  novel  theories  of  high 
temperature  superconductivity  predict  a  dx2.y2  spatial 
pairing  symmetry  for  the  order  parameter  [2]  while  a 
competing  model,  the  interlayer  coupling  model, 
predicts  an  anisotropic  s-wave  pairing  symmetry  [3]. 
Experimentally,  some  work  using  SQUIDs  and 
Josephson  junctions  has  supported  a  dx2_y2  pairing 
symmetry  in  YBCO  [4-11]  while  others  have  not 
[12,13], 

Unfortunately,  most  SQUID  and  junction 
experiments  are  susceptible  to  systematic  errors  due  to, 
for  example,  trapped  flux,  magnetic  field  gradients  or 
SQUID  asymmetries.  We  resolve  these  experimental 
problems  by  using  a  Scanning  SQUID  Microscope  to 
both  image  and  measure  the  screening  response  of 
sample  SQUIDs. 

2.  THE  EXPERIMENT 
2.1.  Basic  Idea 
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Consider  the  type  ‘a-b’  YBCO-Ag-Pbln  SQUID 
shown  in  Fig.  1(a)  [4].  Pbln  is  a  conventional  low-Tc 
superconductor  and  is  s-wave  symmetric.  If  YBCO  has 
a  dx2.y2  pairing  symmetry,  the  wavefunction  has  four 
lobes  with  adjacent  lobes  having  opposite  phase.  In 
zero  magnetic  field,  this  produces  an  intrinsic  phase 
shift,  8^=7:,  for  pairs  moving  along  the  a-axis  with 
respect  to  pairs  moving  along  the  b-axis.  If  YBCO  is  s- 
wave  symmetric,  there  is  no  such  phase  shift,  i.e  8d=0. 

As  in  a  simple  superconducting  loop,  a  SQUID 
tries  to  maintain  the  total  flux  in  its  loop  at  a  constant 
value  by  generating  a  screening  current,  J,  that  opposes 
any  externally  applied  flux.  The  magnitude  of  the 
screening  current  is  limited  by  the  critical  current,  Iq,  of 
the  SQUID.  A  plot  of  screening  current  vs.  applied  flux 
thus  produces  a  series  of  almost  parallel  lines  separated 
horizontally  from  one  another  by  about  1  flux  quantum 


Fig.  1.  (a)  Schematic  of  type  a-b  sample  SQUID,  dashed  lines  show 
location  of  YBCO- Ag-Pbln  edge  junctions,  (b)  type  a-a  SQUID. 
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Oo=h/2e.  Fig.  2(a)  shows  the  s-wave  case.  The  overall 
envelope  is  due  to  the  magnetic  field  dependence  of  the 
junction  critical  currents.  For  the  d-wave  case,  the  lines 
are  shifted  along  the  flux  axis  by  1/2  Oq,  due  to  the 
intrinsic  phase  shift  of  t:  ,  as  shown  in  Fig.  2(b). 

2.2.  Time-reversal  symmetry 

This  1/2  Oo  shift  has  a  profound  effect  on  the 
time-reversal  properties  of  the  J-®  data.  Reversing 
time  is  equivalent  to  reversing  the  directions  of  all 
currents  and  magnetic  fields  [see  Fig.  2(c)]. 
Mathematically,  the  equations  for  a  SQUID  are  time- 

reversal  invariant  only  if  8d=njc;  n=0,±l,  ±2 .  In 

these  cases  if  (J,®)  is  a  solution,  (-J,-0)  is  also  a 
solution  [10].  This  mapping,  (J,®)  (-J,-®),  is  an 

inversion  about  the  origin,  (J,®)=(0,0),  and  only  one 
point  in  this  plot,  the  origin,  maps  onto  itself.  In  the  s- 
wave  case,  where  a  screening  line  goes  through  the 
origin,  we  extend  this  to  saying  that  the  entire  line 
going  through  (0,0)  maps  onto  itself. 

The  invariant  point  (J,®)=(0,0)  is  a  solution  in  the 
s-wave  case  but  not  in  the  d-wave  case.  Thus,  the 

presence  or  absence  of  a  point  (or  state)  that  time- 

reversal  maps  onto  itself  will  tell  us  if  YBCO  is  s-wave 
or  d-wave.  The  absence  of  time-reversal  symmetry 
would  indicate  a  complex  symmetry  [14,15]  or  the 
presence  of  stray  fields  which  do  not  time-reverse. 

As  a  control  for  the  experiment,  we  have 

fabricated  a  type  ‘a-a’  YBCO-Ag-Pbln  SQUID  with  the 
geometry  shown  in  Fig,  1(b).  There  is  no  intrinsic 
phase  shift  in  this  type  of  SQUID,  so  that  6d=0 

regardless  of  the  pairing  symmetry  of  YBCO. 


4>(®o) 
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Fig.  2.  (a)  Schematic  of  J(flt>)  for  6if=0  case,  (b)  Schematic  of  J(<I>)  for 
6d=it  case,  (c)  Time-reversal  symmetry. 


2.3.  Experimental  arrangements 

The  sensor  in  our  Scanning  SQUID  Microscope  [10]  is 
a  low-Tc  Nb-Pbln  SQUID.  Fabrication  details  of  the 
sample  have  been  given  elsewhere  [10].  We  fabricate 
six  YBCO-Ag-Pbln  SQUIDs  on  a  LaAlOs  substrate, 
three  of  the  a-b  type  and  three  of  the  a-a  type  (see  Fig. 
1).  The  critical  currents  range  from  90  pA  to  270  pA, 
which  correspond  to  P=2LIo/®o  ranging  from  7  to  21, 
where  L  is  the  SQUID  inductance  and  lo  is  the  average 
critical  current  of  the  junctions  in  zero  magnetic  field. 
We  will  discuss  in  detail  results  from  one  pair  of  a-a 
and  a-b  SQUIDs  with  P  values  of  8  and  21, 
respectively. 

3.  SCREENING  DATA 

To  rule  out  any  false  signatures  of  d-wave 
superconductivity  from  Papped  flux,  we  first  take  a 
magnetic  scan  of  the  sample.  We  eliminate  any 
detected  Papped  flux  by  heating  the  sample  above  the 
Tp  of  YBCO  and  then  cooling  down.  We  then  position 
the  sensor  over  the  center  of  one  of  the  sample  SQUIDs 
and  measure  the  fields  produced  by  cupent  flowing 
around  the  SQUID  loop,  J,  vs.  the  applied  flux,  ®. 

Figure  3  shows  J-®  data  from  the  a-b  SQUID, 
with  no  bias  cureent  applied  to  the  SQUID.  The  data  is 
taken  by  ramping  the  applied  field  back  and  forth  with 
varying  amplitude  to  sample  the  endpoints  many  times 
and  fill  in  the  SQUID  states.  To  check  for  time- 
reversal  invariance,  we  need  to  reverse  all  the  fields 
applied  to  the  sample:  this  includes  any  fields  caused  by 
the  sensor.  The  data  in  Fig.  3(a)  is  taken  with  all  the 
cupents  in  the  sensor  flowing  in  one  direction 
(‘positive’)-  We  turn  down  the  applied  field  to  zero  at 
the  end  of  the  data  taking  and  note  which  line  the 
SQUID  is  on  [open  circle  in  Fig.  3(a)].  We  then  turn 
down  the  cupents  to  the  sensor,  reverse  the  leads  and 
restart  the  measurement.  The  first  data  point  of  this 
‘negative’  data  set  is  labelled  with  a  closed  circle  and 
the  rest  with  dots  in  Fig.  3(b).  We  see  that  the  time- 
reversal  is  very  good,  i.e.,  flipping  the  ‘positive’  data 
about  the  J  and  ®  axes  produces  a  plot  which  is  nearly 
identical  to  the  ‘negative’  data  set.  This  is  shown  in 
Fig.  3(b)  where  we  show  the  time-reversed  ‘positive’ 
data  as  lines. 

The  absence  of  a  state  that  time-reverses  onto 
itself  would  confirm  that  5d=n.  Since  the  magnetic 
field  changes  involved  in  reversing  the  leads  are  small, 
the  number  of  flux  quanta  in  the  SQUID  should  be 
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unchanged.  Thus  the  states  labelled  by  the  open  circle 
in  Fig.  3(a)  and  the  closed  circle  in  Fig.  3(b)  are  really 
the  same  state  n,  i.e.  have  the  same  flux,  nOo,  in  the 
SQUID  loop.  Under  time-reversal  for  the  a-b  SQUID, 
we  see  that  the  state  n  marked  with  the  closed  circle  in 
Fig  3(b)  [or  by  open  circle  in  fig  3(a)]  time-reverses 
onto  the  state  next  to  it,  -n  (marked  with  open  square). 
There  is  no  state  in  between  that  maps  onto  itself  and 
thus  there  is  no  n=0  state. 

To  provide  a  quantitative  analysis  of  the  time- 
reversal,  we  fit  the  envelope  of  the  ‘positive’  data  to  the 
envelope  of  the  ‘negative’  data  and  then  measure  the 
deviations  of  the  states  from  a  perfect  fit.  For  the  data 
in  Figures  3(a)  and  3(b),  we  find  5d=(1.02±0.08)rt. 

As  a  check  on  the  experiment.  Figures  3(c)  and 
3(d)  show  similar  sets  of  J-d>  data  for  the  a-a  SQUID. 
The  state  marked  with  the  closed  circle  maps  into  a 
state  6  Oo  away.  Thus  there  is  a  state  exactly  mid-way, 
marked  with  arrows,  that  time-reverses  onto  itself.  This 
is  the  n=0  state.  Further  analysis  reveals  that  5d=(- 
0.01±0.04)7t.  In  all,  we  have  measured  six  SQUIDs. 
For  the  three  a-a  SQUIDs,  there  is  always  a  state  that 


maps  onto  itself.  For  the  three  a-b  SQUIDs,  there  is  no 
such  state.  Our  best  estimate  for  the  shift  in  the  three  a- 
b  SQUIDs  is  5d=(0.98±0.05)rt  [10]. 

4.  SCREENING  DATA  WITH  BIAS  CURRENT 

We  have  also  taken  J-C>  data  while  sending  a  dc 
current,  Ibias,  into  the  sample  SQUIDs.  As  we  increase 
Ibias,  the  maximum  amplitude  of  the  screening  current 
decreases.  If  we  increase  Ibias  until  the  SQUID  goes  into 
the  finite  voltage  state,  we  can  also  make  resistance 
measurements  of  the  SQUIDs  as  a  function  of  the 
applied  field. 

Some  of  the  prior  experimental  evidence  for  d^2.y2 
pairing  in  YBCO  has  been  derived  from  resistance 
measurements  of  SQUIDs  and  involves  a  linear 
extrapolation  of  the  resistance  data  to  the 
superconducting  state  of  the  SQUID  [4,7].  To  check 
the  validity  of  such  an  extrapolation  we  also  make 
resistance  measurements  for  different  values  of  Ibus. 
We  then  take  ‘positive’  J-O  data  for  lower  values  of  Ibias 


Fig.  3.  (a)  Dots  are  measured  J  vs.  magnetic  field  for  an  a-b  SQUID  with  positive  sensor  bias.  Open  circle  shows  ending  SQUID  state  n  for  positive  data, 
(b)  Dots  are  measured  J  vs.  magnetic  field  for  the  same  SQUID  with  negative  sensor  bias.  Closed  circle  shows  starting  SQUID  state  n  for  negative  data. 
Lines  are  fits  to  time-reversed  positive  data  (open  square  marks  the  time-reversed  ending  slate,  -n).  We  see  that  the  closed  circle  and  the  open  square  lie  on 
adjacent  states.  This  shows  that  n=-l/2  and  there  is  no  state  that  time-reverses  onto  itself,  (c)  Corresponding  data  for  an  a-a  SQUID  with  positive  sensor 
bias,  (d)  Dots  show  data  for  an  a-a  SQUID  with  negative  sensor  bias  and  lines  are  fits  to  the  time-revetsed  positive  data.  We  see  that  the  closed  circle 
(state  n)  and  the  open  square  (state  -n)  have  six  states  in  between  them.  So  there  is  a  state  exactly  in  between  that  time-reverses  onto  itself  (maiked  with 
arrows)  and  n=3. 
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all  the  way  down  to  zero  bias. 

In  Fig.  4,  we  show  such  data  for  another  a-b 
SQUID.  For  this  SQUID,  Io=130|aA  (  p=I0  )  [10].  We 
show  the  resistance  data  as  a  plot  of  Uias  vs.  the  flux  at 
the  resistance  minima.  We  also  present  the  J-O  data  as 
a  plot  of  Ibias  vs.  the  flux  at  the  mid-points  of  the  SQUID 
states.  The  dashed  lines  join  the  data  points  and  are  a 
guide  to  the  eye.  As  we  see,  the  plot  bends.  This  is  due 
to  the  critical  current  asymmetry  of  the  two  Junctions  of 
the  sample  SQUID:  as  we  increase  Uias,  the  current 
divides  unequally  in  the  two  arms  of  the  SQUID  and  so 
couples  flux  into  the  SQUID  loop.  This  shows  that  a 
linear  extrapolation  from  the  finite  voltage  state  is 
invalid. 

4.  POSSIBLE  COMPONENTS  OF  SYMMETRY 

We  can  use  our  results  to  put  upper  bounds  on  any 
real  or  imaginary  s-wave  symmetric  components  of  the 
order  parameter.  For  our  analysis,  we  use 
wavefunctions  that  are  two-dimensional.  In  k-space  we 
write  the  angular  part  of  the  dx2.y2  component  and  that 
of  any  isotropic  s-wave  symmetric  component 
respectively,  as 

\|rJ(t))  =  cos2(|)/Vn,  =  (1) 

Here,  <])  is  the  polar  angle. 

If  an  imaginary  isotropic  s-wave  symmetric 
component  is  present,  then  the  order  parameter  is 
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Fig.  4.  Open  triangles  show  resistance  data  as  a  plot  of  Ibias  a-b 
SQUID  vs.  the  flux  at  the  resistance  minima.  Closed  squares  show  J-<t> 
data  as  a  plot  of  the  Ibias  vs.  the  flux  at  the  mid-points  of  the  SQUID 
states.  Dashed  lines  join  the  data  points  and  are  a  guide  to  the  eye.  The 
bend  in  the  plot  is  due  to  the  critical  current  asymmetry  of  the  SQUID. 


+ib\|/5,  where,  a^-i-b^=l  (3) 

Solving  for  b  and  using  our  best  estimate  of  5d=0.987r 
gives  b<0.04. 

Now  suppose  the  order  parameter  has  a  real 
isotropic  s-wave  symmetric  component,  c.  Noting  that, 
experimentally,  we  find  a  sign  reversal  for  (j)=0  and 
setting  y  slightly  less  than  zero  yields  an  upper  bound 
c<0.82. 

5.  CONCLUSIONS 

In  conclusion,  we  have  used  a  scanning  SQUID 
microscope  to  find  that  the  pairing  symmetry  in  YBCO 
has  a  time-reversal  invariant  dx2.y2  symmetric 
component.  We  find  that  any  real  isotropic  s-wave 
component  must  have  an  amplitude  of  less  than  82%, 
and  that  any  imaginary  isotropic  s-wave  component 
must  have  an  amplitude  of  less  than  4%. 
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The  low  energy  electronic  Raman  continua  of  a  Lai.83Sro.i7Cu04  single  crystal  have  been 
obtained  in  several  different  scattering  geometries,  and  for  temperatures  above  and  below  Tc. 
Based  upon  the  polarization  dependence  of  the  spectra  obtained  for  T  ^  Tc  it  is  concluded  that 
the  superconducting  gap  is  anisotropic  with  nodes  located  near  the  directions  in 

reciprocal  space  and  maxima  close  to  the  kx  and  ky  axes.  The  results  are  compared  to  spectra 
obtained  from  other  high-Tc  compounds  and  the  possible  compatibility  of  the  results  with 
particular  gap  functions  is  discussed. 

KEY  WORDS:  Raman  Scattering  high-temperature  superconductor,  superconducting  gap 


1.  INTRODUCTION 

The  nature  of  the  pairing  mechanism  in  high- 
temperature  superconductors  is  a  problem  that  continues 
to  attract  a  great  deal  of  interest.  In  particular  many 
experiments  have  been  carried  out  recently  in  an  attempt 
to  identify  the  symmetry  of  the  pairing  state  since  it  is 
believed  that  this  information  will  provide  important 
constraints  that  will  assist  in  the  identification  of  the 
actual  pairing  mechanism.  For  example  several 
investigations  have  been  stimulated  by  the  apparent 
success  of  a  model[l,2]  in  which  pairing  was  induced 
by  the  exchange  of  antiferromagnetic  spin  fluctuations, 
and  the  prediction  that  if  this  model  was  correct,  the 
pairing  state  would  necessarily  have  d-wave  type 
symmetry.  A  number  of  experiments[3-10]  on  the 
bilayer,  higher-Tj,  materials  YBa2Cu30y(Y123)  and 
Bi2Sr2CaCu203  (Bi2212)  have  provided  support  for  the 
existence  of  an  anisotropic  nodal  (s-wave  or  d-wave)  gap 
in  these  materials.  The  situation  appears  to  be  somewhat 
different  however  in  materials  having  a  single  CUO2 
layer  in  the  unit  cell.  Mason  et  al[ll]  have  carried  out 
inelastic  neutron  scattering  and  specific  heat 
measurements  on  La2_xSr^Cu04(La214(x))  and  did  not 
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identify  any  features  that  could  be  associated  with  an 
anisotropic  gap.  Results  obtained  from  tunneling 
measurements  [12]  carried  out  on  the  single  layer 
compound  HgBa2CuOy  suggested  the  existence  of  an 
isotropic  s-wave  gap  and  microwave  surface  impedance 
measurements [13]  on  Ndj  gjCeQ  15CUO4  were  in  accord 
with  a  single  BCS  s-wave  gap  picture.  Given  that  there 
have  been  relatively  few  experiments  carried  out  on  the 
single  layer  compounds  and  furthermore  that  the  results 
obtained  from  these  experiments  suggest  a  picture  of  the 
gap  that  is  at  variance  with  that  obtained  from  many 
experiments  on  the  bila*yer  materials,  further 
investigations  of  the  gap  in  materials  such  as  La214  are 
clearly  suggested. 

In  this  paper  we  will  describe  some  results 
obtained  from  inelastic  light  scattering  studies  of  the  low 
energy  Raman  continua  in  La214.  The  spectra  obtained 
from  superconducting  La214  are  qualitatively 
similar[14]  to  those  obtained  from  the  double  layer 
compounds  Bi2212[6,7]  and  Y123[5,8]  and  the  energies 
associated  with  the  characteristic  features  in  the  spectra 
scale  approximately  with  the  critical  temperatures  of  the 
different  compounds.  In  contrast  to  previous  reports[ll- 
13]  on  single  layer  cuprate  superconductors  the  present 
results  suggest  that  the  superconducting  gap  (  A  (k) )  in 
La214  is  anisotropic  with  nodes  located  near  the 
(+1,±1)  directions  in  reciprocal  space.  We  did  not 
obtain  any  definitive  evidence  for  the  subsidiary  gap 
maxima  observed  in  recent  photoemission 
experiments[10]  on  Bi2212. 
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2.  RAMAN  SCATTERING 


A  typical  feature  in  the  Raman  spectra  of 
superconductors  is  a  low  energy  continuum[15,16]  that 
arises  from  scattering  from  electronic  excitations  on  the 
Fermi  surface.  As  the  sample  is  cooled  below  T^,  the 
frequency  distribution  of  the  electronic  continua  changes 
to  reflect  the  opening  of  the  superconducting  gap,  and 
thus  the  spectra  can  provide  direct  information  on  the 
nature  of  the  gap.  In  the  high-T^.  superconductors  the 
optical  penetration  depth  X  is  much  greater  than  the 
coherence  length  ^  and  the  relevant  wavevector  transfer 
is  q  =  Klein  and  Dierker[16]  developed  a  theory  to 
describe  the  scattering  from  superconductors  in  this 
small  q  limit  and  obtained  for  the  photon  scattering  cross 
section  [16] 

d^R  AN{0)r^  /  |Y(k)|^|A(k)|^  \ 
dwdCl  (0  \(co^ -4|A(k)p)'^^  / 


where  N(0)  is  the  density  of  states  for  one  spin,  rQ  is  the 
Thomson  radius  and  <...>  denotes  an  average  over  the 
Fermi  surface  with  the  restriction  that  (0>2|A(k)|.  In 
the  non-resonant  limit  y  (k)  is  given  by 


Y(k)  =  ^e  •  — 
Ti  m 


_  m  j  3^E(k)  j 
tp'  ‘  dkidkj 


a.) 


where  m*  is  the  effective  mass  tensor  ,  e'  and  are  the 
polarization  vectors  of  the  incident  and  scattered  light 
and  E(k)  is  the  dispersion  relation  of  the  conduction 
band.  From  equation  (2)  it  is  evident  that  choosing  a 
particular  scattering  geometry  is  equivalent  to  choosing 
a  particular  component  of  the  effective  mass  tensor.  The 
different  components  of  the  effective  mass  tensor  can  in 
turn  have  quite  different  k-dependences,  particularly  for 
anisotropic  materials,  and  hence  one  can  in  principle 
probe  the  superconducting  gap  on  different  parts  of  the 
Fermi  surface(FS). 

In  the  present  case  our  experiments  will  be 
carried  out  in  a  quasi-backscattering  geometry  with  the 
wavevectors  of  the  incident  and  scattered  light 
approximately  parallel  to  the  z-axis  (which  is  taken 
perpendicular  to  the  CUO2  planes  of  the  La214  crystal). 
The  Raman  spectra  are  then  measured  in  the  z(xx)z, 
z(x'x')z,  z(xy)z,  and  z(x' y' )z  scattering  geometries 
where  the  letters  inside  the  brackets  refer  to  the 
direetions  of  the  polarization  vectors  of  the  incident  and 
scattered  light.  Here  the  x  and  y  axes  are  parallel  to  the 
Cu-O  bonds  and  the  x'  and  y'  axes  are  rotated  by  45 


degrees  with  respect  to  x  and  y.  Considered  within  the 
tetragonal  point  group  the  (xy)  geometry  provides 
coupling  to  excitations  with  Bjg  symmetry,  the  (x'y') 
geometry  to  excitations  and  (xx)[x'x']  to  A,g  and 
B,g  [B2g]  excitations. 

To  illustrate  the  different  k-dependences  of  the 
Raman  tensor  components  we  have  calculated  the  x'y' 
and  xy  components  (  Fig.  1  )  using  a  second  nearest 
neighbour  tight  binding  model[9]  to  determine  E(k)  and 
the  FS.  The  model  parameters  (  s  =  -0.'it  and 
p  =  -1.16f  )  were  chosen  to  yield  a  FS  (Fig.  1)  similar 
to  that  used  by  previous  workers[17]. 


Fig.  1.  A  plot  of  the  absolute  value  of  value  of  x'y' (Big)  component 

(thin  solid  lines)  and  the  xy(Big)  component  (thick  solid  lines)  of  the 
reciprocal  effective  mass  tensor  evaluated  on  the  Fermi  surface, 
depicted  by  the  dashed  line  (centered  at  7t,  7t ). 


As  is  evident  from  Fig.  1  the  Bj^  component  of 

the  Raman  vertex  (y^  y)  transforms  as  -kj.  in  the 
two-dimensional  reciprocal  space  associated  with  the 
CUO2  planes.  Thus  y^.y  vanishes  along  the  (±1,±1) 

directions  and  has  maxima  along  the  (+1,0)  and  (0,+l) 
axes  in  reciprocal  space.  The  inverse  is  true  for  the  B2g 
component  of  the  Raman  tensor,  as  is  evident  from  Fig. 
I  and  hence  the  xy  and  x'y'  components  of  the  Raman 
tensor  sample  different,  but  complimentary,  regions  of 
the  FS.  This  property  can  be  exploited  to  obtain 
information  on  the  variation  of  the  gap  A(k)  over  the 
FS.  Thus,  as  an  example,  if  one  has  a  gap  with  d-wave 
(B,g)  symmetry,  the  Bj^  continuum  obtained  from 
equation  (1)  should  be  peaked  at  2IAmaxi  since  both 

y^.y  and  A(k)  have  their  maxima  along  the  axes.  The 
B2g  continuum,  however  should  be  peaked  at  a  lower 
frequency  since  y^j^  is  zero  along  k^^  and  k^  where  A(k) 
has  its  maximum. 


Raman  Investigation  of  the  Gap  Anisotropy  in  La214 

3.  RESULTS  AND  DISCUSSION 

The  La214(0.17)  sample[18]  used  in  this  work 
was  a  single  crystal  with  a  critical  temperature  of  37K. 
The  surfaces  of  the  crystal  were  polished  using  diamond 
paste  and  etched[19]  in  a  Bromine-ethanol  solution.  The 
incident  laser  power  was  kept  less  than  lOW/cm^  to 
minimize  local  heating  of  the  sample.  The  temperatures 
quoted  in  the  remainder  of  this  paper  refer[14]  to  the 
temperature  in  the  excited  region  of  the  sample  which 
was  about  1  IK  higher  than  the  ambient  temperature. 

The  Raman  spectra  obtained  in  the  various 
scattering  geometries  are  shown  in  Fig.  2  and  the  x'y'  and 
xy  spectra  calculated  using  (1)  and  (2)  and  a  simple  d- 
wave  gap  are  shown  in  Fig.  3(a).  It  is  clear  from  Fig.  2 
that  when  the  temperature  is  reduced  from  40K(just 
above  T^)  to  15K  (<T^)  there  is  a  superconductivity 
induced  redistribution  of  the  electronic  continua  in  all 
geometries  that  results  in  a  depletion  at  low  frequencies, 
and  the  appearance  of  a  broad  maximum  which  occurs  at 
about  200cm’l  in  the  x'y'(B,g)  continuum  and  at  about 
130cm''  in  the  xy(B2g)  spectrum  This  behaviour  is 
similar  to  that  observed  in  Bi2212  and  in  Y123  in  that 
below  Tj.  the  continua  become  depleted  at  low  energies 
and  a  broad  peak,  whose  central  frequency  depends  on 
scattering  geometry,  appears  in  the  spectra.  For  a 
conventional  BCS-type  superconductor  with  an  isotropic 
s-wave  gap  one  would  expect  this  depletion  to  be 
approximately  complete  below  the  characteristic  BCS 
energy  of  2A  =  3.5kTg.  In  La214  however,  as  in  other 
hole-doped  cuprates,  the  intensity  in  the  scattered  spectra 
(Fig.  2)  remains  finite  at  energies  well  below  this  value 
and  there  is  some  scattering  even  for  frequencies 
approaching  zero.  This  observation  can  be  taken  to 
imply  that  the  magnitude  of  the  superconducting  gap 
varies  over  the  FS.  Furthermore,  in  La214,  as  in 
Bi2212[6,7]  and  Y123[20-22]  ,  the  peak  frequency  in 
the  x'y'(Big)  spectrum  occurs  at  an  energy  that  is  about 
1.6  times  the  frequency  of  the  peaks  observed  in  the 
x'x'(Ajg-(-  Bjg)  and  xy(B2g)  spectra.  This  suggests  that 
the  peak  frequency  in  the  x'y'  spectra  should  be  taken  as 
a  measure  of  the  maximum  gap  energy,  This 

suggestion  is  supported  by  the  fact  that  the  peak 
frequencies  in  the  x'y'  continua  of  La214,  Bi2212[6,7] 
and  Y 123 [5, 20,21]  appear  to  scale  with  the  critical 
temperature  according  to  the  relation  2A^j,^  =  8  kT^. 
Given  the  k-dependence  of  the  x'y'  component  of  the 
Raman  tensor  (Fig.  1)  these  observations  further  suggest 
that  the  gap  assumes  its  maximum  value  along  the  k^  and 
ky  axes.  From  Fig.  2  one  can  also  note  that  the  scattered 
intensity  in  the  x'x'  and  xy  spectra  appears  to  extrapolate 
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Fig.  2.  Raman  spectra  of  Lai.83Sro.l7Cu04  obtained  at  40  K  and  15 
K  in  the  x'y'tBig),  xy(B2g),  x'x'(Aig+Big)  and  xx(Aig+Big)  scattering 
geometries. 

linearly  to  zero  at  zero  frequency  with  a  relatively  steep 
slope  while  the  x'y'  spectrum  is  much  more  strongly 
depleted  at  low  frequencies.  This  observation  can  be 
taken  as  evidence[14]  that  the  nodes  of  the  gap  are 
situated  near  the  x'  and  y'  axes.  It  should  also  be  noted 
that  the  ratio  of  the  frequency  of  the  peak  in  the  xy 
spectrum  to  the  frequency  of  the  2Amax  peak  in  the  x'y' 
spectrum  is  about  0.6  in  both  the  measured  and 
calculated(See  Fig.  3)  spectra.  Approximately  the  same 
value  is  obtained[7]  for  this  ratio  in  Bi2212. 

From  the  above  it  is  concluded  that  the 
superconducting  gap  in  La214  is  anisotropic  and  the 
variation  with  direction  in  k-space  is  similar  to  that 
observed  in  Bi2212  and  Y123.  One  must  thus  conclude 
that  this  anisotropy  is  intrinsic  to  a  single  Cu-0  layer  and 
does  not  arise  from  interactions  between  adjacent  Cu-0 
layers  as  might  have  been  inferred  from 
measurements[l  1,12]  on  other  single  layer  compounds. 

Recently,  high  resolution  photoemission 
experiments  were  carried  out[10]  on  Bi2212.  These 
experiments  revealed  the  presence  of  an  anisotropic  gap 
A(k)  with  maxima  along  (±1,0)  and  (0,±  1)  in 
agreement  with  previous  photoemission  results[9]  and 
with  the  Raman  results[6-8,14]  in  several  cuprates.  They 
also  found  nodes  in  the  gap  which  occurred  along 
directions  in  k-space  that  were  displaced  with  respect  to 
the  x',y'  axes.  Subsidiary  gap  maxima  (A^yi,)  that 
occurred  between  each  pair  of  nodes  were  found  to 
occur  approximately  along  the  (+1,±1)  directions  in  the 
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Fig,  3.  Calculated  Raman  spectra  using  (1).  (a)  for  a  d-wave  gap 
A(k)=Ag(cos  kj,a  -  cos  k^a),  (b)  for  a  gap  given  by  (3)  shown  in  the 

insert. 

Brillouin  zone.  It  is  interesting  to  speculate  on  how  such 
features  might  affect  the  observed  Raman  spectra.  To 
simulate  a  gap  with  subsidiary  maxima  having  a 
magnitude  similar  to  the  value  obtained  from  the 
photoemission  experiments  (  that  is  A^yj,  =  0.20A^jm) 
we  have  used  a  gap  with  the  form 

A(0)  =  Ao{cos(^oCos20)-cos(A:osin20)}  +C  (3) 

where  0  =  sin“*(^y /^o),  ko  =  +ky  and  C  is  a 

constant.  The  resulting  gap  is  shown  in  the  insert  of  Fig. 
3(b).  The  Raman  spectra  were  then  calculated  using 
equations  (1)  and  (2)  and  the  FS  used  to  derive  the 
results  shown  in  Fig.  1.  The  calculated  spectra  are  shown 
in  Fig.  3(b).  It  is  clear  that  the  x'y'(Bjg)  spectrum  is 
essentially  the  same  for  both  gaps  and  thus  no  evidence 
of  the  subsidiary  maxima  would  be  expected  in  this 
geometry.  The  xy  (B2g)  spectrum  on  the  other  hand  has 
distinct  features  that  arise  because  of  the  presence  of  a 
finite  gap  along  the  x'  and  y'  directions.  Such  features 
have  not  been  observed  in  any  of  the  spectra  obtained  to 
date  from  the  superconducting  cuprates.  It  should  be 
noted,  however,  that  it  is  possible  that  such  spectral 
features  could  be  partially  washed  out  if  the  magnitudes 
of  the  subsidiary  gap  maxima  were  different  in  different 
quadrants  of  the  Brillouin  zone,  as  is  in  fact  indicated  by 
the  results  in  ref.  [10].  Even  in  this  case  however  some 


structure  should  appear  in  the  low  energy  B2g  spectra.  If 
however,  the  doping  in  the  crystal  was  spatially 
inhomogeneous  this  could  lead  to  changes  in  the  spectra 
that  would  appear  only  as  an  increase  in  the  slope  at  low 
frequencies  and  a  reduction  in  the  peak  frequency  of  the 
B2g  spectrum  and  this  would  be  difficult  to  detect. 
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Measurements  of  the  c-axis  properties  of  the  cuprate  superconductors  show  anomalous 
behavior  in  both  normal  and  superconducting  states.  In  particular,  there  is  strong  ev¬ 
idence  that  pairs  of  Cu02  planes  in  neighboring  unit  cells  act  as  Josephson  junctions 
below  the  critical  temperature  Tc-  We  present  a  theory  based  on  incoherent  transport 
along  the  c-axis  which  naturally  reproduces  the  anisotropic  normal-state  resistivity  and 
the  superconducting-state  Josephson  coupling.  Applying  this  theory  to  YBa2Cu3  07_« 
(YBCO),  we  make  quantitative  predictions  for  the  strength  and  temperature  dependence 
of  the  Josephson  coupling  as  well  as  the  variation  of  Tc  with  disorder.  Beyond  the  ex¬ 
pected  low-temperature  behavior,  the  Josephson  critical  current  does  not  make  a  clean 
separation  between  s-  and  d-wave  superconductors,  but  the  disorder-induced  Tc  variation 
does.  Further  experimental  and  theoretical  work  along  these  lines  may  therefore  help 
determine  the  order  parameter  symmetry  in  the  cuprates. 

KEY  WORDS:  c-axis,  Josephson  coupling,  order-parameter  symmetry,  Tc  suppression 


The  recent  availability  of  high-quality  single 
crystals  of  the  cuprate  superconductors  allows  pre¬ 
cise  characterization  of  both  the  usual  in-plane  (ab- 
axis)  and  the  less-studied  out-of-plane  (c-axis)  prop¬ 
erties.  These  data  show  several  unusual  features 
in  both  the  normal-  and  superconducting-state  [1]. 
In  this  paper,  we  will  examine  some  of  these  mea¬ 
surements  and  present  a  theory  which  seems  to  be 
able  to  describe  them.  The  fundamental  postulate 
of  this  theory  is  that  the  charge  transport  between 
the  Cu02  planes  is  incoherent,  as  opposed  to  the  co¬ 
herent  transport  assumed  in  the  conventional  Bloch- 
Boltzmann  picture.  With  the  assumption  of  inco¬ 
herent  transport,  we  can  make  sense  of  the  normal- 
state  resistivity  data  and  make  quantitative  predic¬ 
tions  about  the  nature  and  strength  of  the  Josephson 
coupling  between  the  Cu02  planes.  We  also  consider 
the  influence  of  intra-  and  inter-planar  non-magnetic 
disorder  on  the  critical  temperature  Tc-  Comparing 
our  results  with  experiment  may  yield  information 
on  the  order  parameter  symmetry  in  these  systems. 

*Department  of  Physics,  University  of  Maryland,  College 
Park,  Maryland  20742. 

^Department  of  Physics  and  the  James  Franck  Institute, 
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We  begin  by  examining  the  normal-state  resis¬ 
tivity  in  the  ab  {pab)  and  c  (pc)  directions.  The  typ¬ 
ical  temperature  dependence  of  these  quantities  are 
illustrated  in  the  insets  to  Fig.  1.  The  data  shown 
were  obtained  from  Veal  et  al.  [2],  but  the  qual¬ 
itative  features  we  will  discuss  are  seen  in  all  the 
cuprate  superconductors.  One  is  immediately  struck 
by  the  anisotropy  of  the  resistivities:  pdpab  ^  10^  - 
10®  depending  on  the  material,  its  doping,  and  the 
temperature  T.  Another  important  feature  is  that 
the  superconducting  transition  appears  in  both  Pab 
and  Pc  at  the  same  temperature.  From  these  two 
observations,  we  can  conclude  that  the  interlayer 
coupling  is  weak  but  that  the  superconductivity  is 
nonetheless  three  dimensional.  Additionally,  look¬ 
ing  at  the  T  dependence  of  the  resistivities  reveals 
that  Pc  oc  Pab  at  optimal  doping  but  pc  oc  1/pab 
away  from  this  stoichiometry.  Within  the  context 
of  Bloch-Boltzmann  transport  theory,  the  resistivi¬ 
ties  at  optimal  doping  can  be  interpreted  as  charge 
transport  in  the  presence  of  a  strongly  anisotropic 
effective  mass.  However,  the  T  dependence  of  the 
underdoped  compounds  finds  no  such  simple  expla¬ 
nation,  and  this  fact  leads  us  to  consider  alternatives 
to  the  conventional  theory. 
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Fig.  1.  Predicted  Josephson  critical  current  jc{T)  as 
a  function  of  temperature  T  for  (a)  YBajCusOe.gs  and 
(b)  YBa2Cu3  06.42  assuming  s-wave  (solid  line)  and  d-wave 
(dashed  line)  pairing  (see  text).  Insets;  Normal-state  resistiv¬ 
ity  along  the  c-axis  pc  and  in  the  ab-plane  p^b  >n  mO  cm  as  a 
function  of  temperature  in  K  for  experimental  data  (solid  line) 
[2]  and  the  fit  to  the  Rojo-Levin  model  (dashed  line)  [7].  The 
discrepancy  near  Tc  in  pc  is  presumably  a  fluctuation  effect. 

In  constructing  this  alternative  theory,  we  are 
also  guided  by  the  experimental  fact  that  the 
cuprates  behave  like  a  stack  of  SIS  Josephson  junc¬ 
tions  along  the  c-axis  in  the  superconducting  state. 
Kleiner  ei  ai  obtain  this  surprising  result  by  study¬ 
ing  several  single-crystal  samples  of  BSCCO  and 
TBCCO  [3].  They  observe  strongly  hysteretic  c- 
axis  current-voltage  characteristics,  suggesting  the 
presence  of  a  series  of  large-capacitance  SIS  Joseph¬ 
son  junctions.  Moreover,  the  critical  current  as  a 
function  of  the  in-plane  magnetic  field  shows  the 
Fraunhofer-like  pattern  which  would  be  produced  by 
a  Josephson  junction  of  width  15  A.  Finally,  the  sam¬ 
ples  emit  microwave  radiation  at  frequencies  consis¬ 


tent  with  the  ac  Josephson  effect  for  a  large  num¬ 
ber  of  SIS  junctions.  Taken  together,  these  measure¬ 
ments  provide  strong  evidence  that  these  materials 
can  be  viewed  as  a  stack  of  Josephson  junctions  with 
one  junction  per  unit  cell. 

We  see  that  both  normal-  and  superconducting- 
state  c-axis  properties  are  very  different  from  the 
properties  of  conventional  superconducting  materi¬ 
als.  We  are  therefore  led  to  consider  an  unconven¬ 
tional  theory  to  describe  them.  The  basis  of  the  con¬ 
ventional  picture  is  that  the  periodicity  of  the  crystal 
potential  results  in  the  formation  of  Bloch  waves  over 
the  entire  sample  which  allows  the  coherent  propa¬ 
gation  of  quasiparticles.  In  the  cuprates,  weak  in¬ 
terlayer  coupling  in  the  presence  of  strong  elastic 
and  inelastic  scattering  may  prevent  the  formation 
of  Bloch  waves  along  the  c-axis  over  more  than  a 
few  unit  cells,  resulting  in  incoherent  quasiparticle 
transport.  Working  under  the  assumption  that  the 
c-axis  transport  is  incoherent,  we  will  develop  a  the¬ 
ory  which  explains  the  observed  anomalies  and  which 
can  also  shed  light  on  the  question  of  the  order  pa¬ 
rameter  symmetry  in  these  systems. 

We  first  approximate  the  complicated  struc¬ 
ture  of  the  cuprates  with  multiple  Cu02  planes 
per  unit  cell  by  treating  these  planes  as  a  tightly- 
coupled  “layer.”  This  layer  is  assumed  to  be  a  two- 
dimensional  Fermi  liquid.  Interlayer  coupling  is  in¬ 
troduced  through  a  direct  hopping,  similar  to  that  in 
tight-binding  models,  and  an  assisted  hopping,  which 
can  be  either  elastic  (e.g.,  by  disorder)  or  inelastic 
(e.g.,  by  phonons).  We  impose  the  constraint  of  in¬ 
coherence  on  this  model  by  restricting  all  our  calcu¬ 
lations  to  second  order  in  the  interlayer  hopping  am¬ 
plitudes.  Many  authors  have  pursed  theories  along 
these  lines  [4,  5,  6,  7],  but  our  viewpoint  most  closely 
resembles  that  of  Rojo  and  Levin  [7]. 

This  theory  provides  a  natural  explanation  for 
the  T  dependence  of  pab  and  p^.  At  optimal  stoi¬ 
chiometry,  we  e.xpect  the  layers  to  be  strongly  cou¬ 
pled  and  nearly  coherent,  implying  that  the  direct 
hopping  dominates  the  transport,  and  so  pc  <x  pab  as 
in  the  conventional  picture.  Off  optimal  stoichiom¬ 
etry,  the  direct  interlayer  coupling  weakens  relative 
to  the  assisted  processes,  and  the  material  becomes 
increasingly  incoherent.  While  this  change  does  not 
strongly  affect  pab,  Pc  is  now  dominated  by  assisted 
hopping,  the  inelastic  component  of  which  freezes  out 
at  low  T.  Thus,  as  T  decreases,  the  interlayer  hop¬ 
ping  amplitude  is  reduced  and  Pc  increases  as  ob¬ 
served  experimentally.  These  qualitative  arguments 
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can  be  made  quantitative  by  fitting  this  model  to  the 
observed  resistivities,  as  demonstrated  in  the  insets 
to  Fig.  1  [8]. 

The  theory  also  immediately  implies  interlayer 
Josephson  coupling.  Moreover,  the  total  c-axis 
Josephson  critical  current  can  be  computed  from  the 
sum  of  the  critical  currents  due  to  direct  and  assisted 
hopping  and  depends  on  the  pairing  symmetry.  In 
general,  the  critical  current  from  assisted  hopping 
has  the  usual  Ambegaokar-Baratoff  form  [9].  How¬ 
ever,  the  direct  hopping  leads  to  an  unusual  critical 
current:  the  zero-temperature  value  is  proportional 
to  the  square  of  the  direct  interlayer  hopping  ampli¬ 
tude  rather  than  to  the  T  =  0  gap,  and  the  critical 
current  falls  like  the  square  root  of  the  reduced  tem¬ 
perature  near  Tc  instead  of  linearly  [8].  The  pairing 
symmetry  also  enters  into  this  calculation  in  a  funda¬ 
mental  way.  For  an  s-wave  superconductor,  both  as¬ 
sisted  and  direct  hoppings  contribute  and  are  nearly 
temperature-independent  at  low  T.  For  a  d-wave 
superconductor,  the  assisted  processes  do  not  con¬ 
tribute  and  the  direct  hopping  produces  the  canon¬ 
ical  linear-in-T  critical  current  at  low  T.  Therefore, 
measurements  of  the  temperature  dependence  of  the 
critical  current  can  probe  the  order  parameter  sym¬ 
metry.  To  facilitate  the  comparison  of  theory  and 
experiment.  Fig.  1  shows  the  expected  strength  and 
T  dependence  of  the  c-axis  critical  current  for  YBCO 
using  fits  to  the  normal-state  resistivity  to  fix  the 
model  parameters  [8]. 

Currently,  there  exist  several  measurements  of 
the  c-axis  critical  currents  to  which  we  can  compare 
our  theory.  Kleiner  et  al.  have  meeisured  the  critical 
current  in  BSCCO  directly  and  found  Ambegaokar- 
Baratoff  behavior  [3].  Within  our  model,  we  can  in¬ 
terpret  this  result  in  terms  of  an  s-wave  order  param¬ 
eter  with  purely  assisted  hopping  between  the  layers. 
Indirect  measurements  of  the  critical  current  come 
from  electrodynamical  measurements  of  the  penetra¬ 
tion  depth,  which  is  related  to  the  Josephson  criti¬ 
cal  current  in  a  model  of  our  type  [10].  Results  of 
this  kind  on  LSCO  from  Shibauchi  et  al.  exhibit 
the  Ambegaokar-Baratoff  temperature  dependence, 
again  supporting  s-wave  superconductivity  and  pure 
assisted  interlayer  hopping  [11].  The  situation  in 
YBCO  is  less  clear,  however.  Some  data  show  an 
SNS-like  temperature  dependence  which  is  incom¬ 
patible  with  our  model  [12]  while  other  data  have 
the  form  expected  within  our  theory.  Until,  repro¬ 
ducible  data  are ^obtained,  it  is  premature  to  draw 
any  conclusions  about  YBCO. 


Another  implication  of  the  theory  is  the  re¬ 
sponse  of  the  critical  temperature  to  disorder.  For  an 
s-wave  superconductor,  Anderson’s  theorem  states 
that  small  concentrations  of  non-magnetic  disorder 
should  not  affect  the  superconducting  properties  [13]. 
d-wave  superconductors,  on  the  other  hand,  should 
show  a  pronounced  suppression  of  Tc  when  non¬ 
magnetic  disorder  is  introduced  [14,  15].  The  disor¬ 
der  can  be  located  either  within  or  between  the  lay¬ 
ers,  but  both  types  of  disorder  contribute  to  pab{T  = 
0)).  By  generalizing  the  Abrikosov-Gor’kov  (AG) 
theory  of  impurity  scattering,  we  can  express  the 
critical  temperature  as  a  function  of  the  (measur¬ 
able)  pahiT  =  0)  once  the  Tc  of  the  pure  material 
and  the  in-plane  plasma  frequency  are  known  [15]. 
By  looking  at  the  response  of  the  superconductor  to 
the  controlled  introduction  of  non-magnetic  disorder, 
we  should  therefore  be  able  to  distinguish  between 
different  order  parameter  symmetries. 

Experiments  to  test  this  idea  can  introduce  dis¬ 
order  in  two  ways:  irradiation  or  doping.  Low-dose 
irradiation  creates  local  disruptions  in  the  crystalline 
order  but  should  leave  the  plasma  frequency  un¬ 
changed,  and  so  the  Tc  suppression  should  follow  the 
familiar  AG  form  [Fig.  2(a)].  Two  groups  have  com¬ 
pleted  controlled  irradiation  experiments  on  YBCO 
[16,  17],  but  the  measurements  agree  with  neither 
the  isotropic  s-wave  nor  the  d-wave  predictions  for 
isotropic  disorder  scattering.  The  observed  behavior 
is  consistent  with  either  an  anisotropic  s-wave  or¬ 
der  parameter  or  a  d-wave  order  parameter  in  the 
presence  of  anisotropic  disorder  scattering,  but  still 
seems  to  exclude  isotropic  s-wave  pairing  [17].  One 
important  question  in  these  experiments  is  whether 
the  induced  disorder  is  magnetic  or  not;  although  nei¬ 
ther  group  has  directly  answered  this  question,  the 
relative  insensitivity  to  the  Tc  to  the  disorder  argues 
against  its  being  magnetic. 

Doping  introduces  scattering  centers  and  also 
modifies  the  number  of  charge  carriers  within  the 
layers,  making  the  plasma  frequency  a  function  of 
dopant  concentration.  If  we  take  this  variation  into 
account  within  the  generalized  AG  theory  and  make 
the  gross  simplification  that  the  pairing  interaction 
is  independent  of  doping,  we  can  estimate  the  mag¬ 
nitude  of  the  Tc  suppression  [Fig.  2(b)].  In  this  case, 
large  d-wave  Tc’s  can  exist  despite  large  residual  re¬ 
sistivities.  Within  our  theory,  the  persistence  of  the 
superconductivity  at  large  /Oa6(0)  is  due  to  a  large 
pure  Tc  and  a  small  plasma  frequency,  implying  that 
the  approach  to  the  insulator  makes  the  supercon- 
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Fig.  2.  Non-magnetic-disorder-induced  suppression  of  Tc 
in  YBCO.  (a)  For  irradiation-induced  non-magnetic  disorder, 

«  constant,  so  the  Tc  for  a  d-wave  order  parameter  is 
given  by  the  genereJized  Abrikosov-Gor’kov  theory  (shaded 
area)  and  for  €in  s-wave  order  parameter  is  constant  (deished 
line)  [15].  Experimental  results  from  Sun  et  al.  [16]  and  Gi- 
apintzakis  et  al.  [17]  are  shown  2is  dotted  and  dot-deished 
lines,  respectively,  (b)  For  doping-induced  disorder,  oc 
hole  doping,  so  the  prediction  for  Tc  in  a  d-wave  supercon¬ 
ductor  is  modihed  from  that  in  (a)  (solid  line),  although  the 
s-wave  prediction  is  imcheuiged  for  small  doping  (dashed  line). 
Open  boxes:  Data  extracted  from  the  measurements  of  Veal 
et  al.  [2]. 

ductor  more  tolerant  of  disorder.  Under  the  assump¬ 
tion  that  the  vacancies  in  the  CuO  chains  induced 
by  de-oxygenation  are  non-magnetic,  we  can  use  the 
data  of  Veal  et  al.  [2]  to  compare  to  this  theory. 
These  data  are  shown  in  Fig.  2(b)  and  agree  strik¬ 
ingly  well  with  the  d-wave  predictions.  However, 
since  these  predictions  are  based  on  the  assumption 
that  the  pairing  interaction  is  independent  of  doping, 
the  quantitative  agreement  with  experiment  must  be 
viewed  with  caution. 

To  summarize,  the  idea  of  incoherent  interlayer 


coupling  can  account  for  the  measured  normal-state 
resistivity  and  the  Josephson-like  superconducting 
properties  along  the  c-axis.  Moreover,  this  the¬ 
ory  makes  concrete  predictions  for  the  c-axis  criti¬ 
cal  current  and  the  disorder-induced  suppression  of 
Tc,  which  depend  on  the  relative  importance  of  di¬ 
rect  and  assisted  interlayer  hopping  and  on  order- 
parameter  symmetry.  Further  experimental  and  the¬ 
oretical  work  can  therefore  provide  an  acid  test  for 
this  theory  and  hopefully  shed  some  light  on  the 
important  question  of  the  pairing  symmetry  in  the 
cuprates. 
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We  argue  that  the  motion  of  vacancies  in  a  pinned  vortex  lattice  may  dominate  the  contri¬ 
bution  to  the  Hall  effect  in  an  appropriate  parameter  regime  for  a  superconductor.  B2ised 
on  this  consideration  a  model  is  constructed  to  explain  the  cinomcJous  Hall  effect  with¬ 
out  any  modification  of  the  bcisic  vortex  dynamic  equation.  Quantitative  predictions  are 
obtained.  Present  model  can  be  directly  tested  by  cin  observation  of  the  vacancy  motion. 
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It  is  generally  believed  that  the  motion  of  vortices  in 
a  superconductor  is  responsible  for  the  apparence  of  re¬ 
sistance.  Indeed,  there  is  a  well  and  successful  account 
of  dissipative  phenomena  in  superconductors  based  on 
this  idea[l].  However,  the  ubiquitous  occurrence  of  the 
anomalous  Hall  effect  in  the  mixed  state  of  both  con¬ 
ventional  and  oxide  superconductors,  the  sign  change 
of  the  Hall  resistance  below  the  superconducting  tran¬ 
sition  temperature,  seems  to  be  inexplainable  by  stan¬ 
dard  models  for  vortex  dynamics  in  superconductors[2]. 
The  purpose  of  the  present  paper  is  to  show  that  it  is 
nevertheless  possible  to  understand  the  anomalous  Hall 
effect  without  either  a  modification  of  vortex  dynamics 
or  assuming  two  types  of  carriers  (or  more  complicated 
electronic  band  structures).  The  essential  idea  in  the 
present  model  is  the  domination  of  the  vacancy  motion 
in  a  pinned  vortex  lattice  under  a  suitable  condition. 
Contrast  to  previous  ones  in  this  model  both  the  strong 
interaction  between  vortices,  which  leads  to  the  many- 
body  correlation  effect,  and  the  strong  pinning  effect 
are  crucial.  In  the  following  we  present  the  arguments 
leading  to  the  model,  and  discuss  its  predictions  and 
experimental  verifications.  For  simplicity,  we  will  con¬ 
sider  an  isotropic  s-pairing  superconductor  with  one 
type  of  charge  carriers  in  two  dimension.  In  this  situa¬ 
tion  vortices(or  straight  vortex  lines)  can  be  viewed  as 
point  particles. 
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We  begin  with  the  discussion  of  vortex  dynamics. 
The  equation  of  motion  for  a  vortex  generally  takes 
the  form  of  the  Langevin  equation  similar  to  that  of  a 
charged  particle  in  the  presence  of  a  magnetic  field: 

'J^vi  =  qv~hd  (v,  -  r)  X  f  -  7/r -1-  Fp,„  -f  f  ,  (1) 

with  an  effective  mass  rriy ,  a  pinning  force  Fp,„ ,  a  vor¬ 
tex  viscosity  t),  and  a  fluctuating  force  f.  The  vis¬ 
cosity  is  related  to  the  fluctuating  force  by  the  usual 
fluctuation-dissipation  theorem.  In  Eq.(l)  =  ±1  de¬ 
scribes  the  vorticity,  h  is  the  Planck  constant,  p,  the 
superfluid  electron  number  density  at  temperature  T, 
d  the  thickness  of  the  superconductor  film,  and  z  the 
unit  vector  in  z-direction.  Normal  current  is  eissumed 
to  be  zero  and  a  uniform  temperature  in  the  whole  film 
is  also  assumed  in  Eq.(l).  The  term  associated  with 
the  superconducting  electron  velocity  v,  and  the  vor¬ 
tex  velocity  r  at  the  right  side  of  Eq.(l)  is  the  so-called 
Magnus  force.  It  has  been  shown  that  under  the  gen¬ 
eral  properties  of  a  superconductor  it  must  take  such 
a  form[3].  Closely  related  but  different  phenomenolog¬ 
ical  equations  for  vortices  have  been  discussed  in  the 
literature[4].  Eq.(l)  is  the  starting  point  in  recent  stud¬ 
ies  of  vortex  tunneling  in  superconductors[5]. 

We  first  consider  the  measured  electric  field  gener¬ 
ated  by  a  steady  motion  of  vortices  and  the  resulting 
Hall  effect.  In  a  steady  state,  if  there  is  no  pinning 
force,  i.e.  Fp,„  =  0,  from  Eq.(l)  the  velocity  of  the 
vortices  is 
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.  _  {psdh/2)^  (p,dh/2)ij 

+  {Psdh/2)^  T]'^  +  {psdh/2y  ^  ' 

(2) 

According  to  the  Josephson  relation,  the  motion  of  vor¬ 
tices  produces  phase  slippages,  therefore  generates  an 
electrochemical  potential  difference  in  a  superconduc¬ 
tor,  which  is  the  reaction  force  to  the  superconducting 
electrons  due  to  the  vortex  velocity  part  of  the  Magnus 
force  in  Eq.(l).  This  potential  difference  corresponds 
to  the  measured  electric  field  E.  For  a  vortex  density 
n  with  an  average  velocity  r  =  v; ,  we  have 

E  =  nvi  X  z  .  (3) 

If  the  density  of  moving  vortices  is  equal  to  the  vortex 
density  induced  by  the  applied  perpendicular  magnetic 
field  B  =  Bz,  n  =  \B\/^q  with  <I>o  =  hc/2\e\  the  flux 
quantum  of  Cooper  pairs,  we  have  the  usual  expression 

E  =  --Vi  X  B  .  (4) 

c 


Therefore,  in  the  steady  state  and  in  the  absence  of 
pinning,  all  vortices  move  with  the  same  velocity  and 
we  have  the  longitudinal  resistivity  as 

_  ^  {dh/2)ri 

J  ec  -\- {psdh/2y 

"  ^  7/2  + J,  d/i/2)  2  1^1  ’ 
and  the  transversal  (Hall)  resistivity  py^  as 


^  ^  ^  _1_  (d/i/2)2p, 

J  ec  T]'^  +  {psdh/2)^ 


^0  psd?h/2 
c2  rf  +  {psdh/2Y 


\B\. 


(6) 


Here  the  current  density  J  =  ep^  Vj  is  along  a;-direction. 
The  relation  between  vorticity  the  charge  sign  of 
carriers,  and  the  direction  of  the  magnetic  field  is 
g„e/|e|  =  Bl\B\.  It  is  clear  that  from  Eq.(6)  the  Hall 
effect  in  the  superconducting  state  has  the  same  sign 
as  that  of  the  normal  state.  This,  and  also  those  sim¬ 
ilar  conclusions  based  on  the  classical  models  for  the 
vortex  dynamics  in  superconductors,  are  in  apparent 
contradiction  with  many  experimental  observations^], 
the  so-called  anomalous  Hall  effect. 

There  is  a  serious  problem  related  to  the  many-body 
correlation  between  vortices  and  the  pinning  effect  in 
the  using  of  the  above  simple  minded  result,  Eq.(6),  for 


real  superconducting  materials.  The  many-body  cor¬ 
relation  due  to  the  strong  and  long  range  interaction 
between  vortices  gives  arise  to  the  Abrikosov  lattice  in 
the  mixed  state  of  a  superconductor.  However,  even 
after  the  consideration  of  the  strong  many-body  effect, 
if  there  were  no  pinning  for  vortices,  the  whole  vor¬ 
tex  lattice  would  move  together  under  the  influence  of 
an  externally  applied  current  in  the  same  manner  as 
that  of  independent  vortices.  Hence  one  would  get  the 
same  sign  of  the  Hall  effect  in  both  superconducting 
and  normal  states.  This  will  be  changed  in  the  pres¬ 
ence  of  pinnings.  If  we  introduce  some  strong  pinning 
centers  into  the  film  and  consider  the  edge  pinning,  the 
vortex  lattice  will  be  pinned  down.  In  such  a  situation 
the  motion  of  the  vortex  lattice  is  made  possible  by  var¬ 
ious  kinds  of  thermal  fluctuations.  We  will  argue  below 
that  at  low  temperatures  the  dominant  contribution  to 
the  motion  is  due  to  vacancies.  We  will  advance  our 
argument  in  the  following  way.  First  we  will  show  that 
the  creations  and  motions  of  vacancies  and  interstitials 
are  energetically  favored  over  vortices  hopping  into  and 
out  of  pinning  centers  as  well  as  other  motions.  Then 
we  will  argue  that  vacancies  are  even  more  favourable 
than  interstitials. 

For  two  vortices  separated  by  a  distance  r,  which  is 
less  than  the  effective  magnetic  screening  length  Ai  = 
X\/d(d  <  Xl,  Ax  =  Ai  if  d  >  Ax)  but  greater  than  ^ci, 
the  interaction  potential  is[6] 


Vi{r)  =  2 


o 

8nm* 


=  2eo  In  ^  .  (7) 

Co 

Here  X^  =  m* c'^ /Snpse^  is  the  London  penetration 
depth,  m*  the  effective  mass  of  a  Cooper  pair,  and 
^0  the  coherence  length  of  the  superconductor.  The 
energy  scale  eo  sets  both  the  scale  for  the  strength  of 
vortex  interaction  and  the  scale  for  the  strength  of  a 
strong  pinning  center.  The  interaction  potential  be¬ 
tween  a  dislocation  pair  separated  by  a  distance  larger 
than  the  lattice  constant  ao  is  given  by[7] 
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The  energy  scale  e  for  the  dislocation  interaction  here 
is  about  20  times  smaller  than  eq  for  the  vortex  inter¬ 
action  and  pinning  centers.  It  is  therefore  energetically 
much  more  favorable  to  have  dislocation  pairs  in  the 
lattice.  Hence  for  temperature  T  <<  eq  we  can  ignore 
the  contribution  from  the  vortices  hopping  out  of  pin¬ 
ning  centers(and  also  the  creation  of  vortex-antivortex 
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pairs).  The  vortex  lattice  is  then  effectively  pinned  at 
such  temperatures.  The  precise  calculation  of  the  va¬ 
cancy  €y  and  interstitial  energy  e,-  is  difficult,  because 
the  detailed  information  on  the  scale  of  lattice  constant 
is  needed.  However,  because  vacancies  and  interstitials 
can  be  viewed  as  the  smallest  dislocation  pairs[8],  we 
immediately  have  the  estimated  energy  scale  for  €„  as, 
by  putting  r  ~  2ao  in  Eq.(8), 

~2e  =  (9) 

2^/37r  \A-k\l) 

There  might  be  a  weak  dependence  on  the  magnetic 
field  through  the  vortex  lattice  constant,  which  is  ne¬ 
glected  here.  It  is  clear  from  the  above  analysis  that 
vacancies  and  interstitials  have  the  lowest  excitation 
energy  scale. 

Now  let  us  compare  the  creation  energy  of  a  vacancy 
and  that  of  an  interstitial.  At  low  magnetic  fields  the 
vacancy  formation  energy  is  lower  than  that  of  inter¬ 
stitials,  because  of  the  strong  short  range  and  repul¬ 
sive  nature  of  the  interaction  between  vortices.  This 
has  been  shown  theoretically  [9].  Therefore  vacancies 
will  dominate  over  interstitials  at  low  temperatures  and 
low  fields,  which  has  been  observed  experimentally [10]. 
Similar  phenomenon  has  also  been  observed  in  other 
crystalline  structures[8].  At  high  magnetic  fields  the 
vortex  interaction  becomes  of  long  range  comparing 
with  the  vortex  lattice  constant.  The  short  range  be¬ 
havior  which  determines  the  formation  energy  differ¬ 
ence  between  vacancies  and  interstitials  becomes  rela¬ 
tively  unimportant.  Although  one  expects  a  zero  for¬ 
mation  energy  difference  for  an  infinite  range  interac¬ 
tion,  vacancies  may  still  have  a  lower  formation  energy 
for  a  finite  range  interaction.  This  is  based  on  the  plau¬ 
sible  expectation  that  the  formation  energy  difference 
between  vacancies  and  interstitials  increases  monoton- 
ically  to  zero  with  the  interaction  range.  We  will  not 
be  surprised  if  the  anomalous  Hall  effect  is  more  pro¬ 
nounced  at  lower  magnetic  fields. 

We  examine  its  experimental  consequencies  if  the  va¬ 
cancy  motion  dominates.  Effectively,  the  motion  of  a 
vacancy  in  the  pinned  vortex  lattice  behaves  as  an  an¬ 
tivortex,  that  is,  with  a  vorticity  — under  the  action 
of  an  applied  supercurrent.  This  leads  us  to  our  main 
conclusion  that  at  low  enough  temperatures  the  sign 
of  the  Hall  resistance  is  different  from  its  sign  in  the 
normal  state.  Quantitatively,  the  motion  of  vacancies 
is  governed  by  an  equation  of  the  same  form  as  Eq.(l), 
and  can  be  viewed  as  independent  particles  moving  in 
the  periodic  potential  formed  by  the  vortex  lattice  and 
a  random  potential  due  to  the  residue  effect  of  pin- 


nings.  The  potential  height  of  the  periodic  potential 
as  well  as  that  of  the  random  potential  is  presumably 
the  order  of  e„.  Assuming  the  vacancy  density  n„  in 
a  steady  state,  following  the  same  procedure  as  from 
Eq.(l)  to  Eqs.(5-6),  the  longitudinal  resistivity  is  then 

_  h  rjeff  psdh/2 

2e2  +  {psdh/2)‘^  p, 

and  the  Hall  resistivity 

_  h  {psdh/2)^  n„ 

^^^26^  pl^^  +  {p,dh/2r  p,- 

It  is  evident  that  the  sign  for  py^  in  Eq.(ll)  is  opposite 
to  that  in  Eq.(6).  Here  is  the  effective  vacancy  vis¬ 
cosity,  related  to  the  vacancy  diffusion  constant  in  the 
periodic  potential  due  to  the  vortex  lattice  by  the  Ein¬ 
stein  relation  between  the  diffusion  constant  and  the 
mobility.  We  expect  that  rjeff  =  Vo  e"  with  a 

a  numerical  factor  of  order  unity  at  low  temperatures. 
In  the  low  temperature  limit,  superfluid  electron  num¬ 
ber  density  p,  approaches  a  constant,  vacancy  density 
n„  =  no  e“*'  exponentially  small(6  =  1 

for  the  thermally  activated  vacancies,  and  6  =  0  for  the 
pinning  center  induced  vacancies) ,  and  the  effective  va¬ 
cancy  viscosity  rjej j  can  be  exponentially  large.  In  this 
limit  both  longitudinal  and  Hall  resistances  vanish  ex¬ 
ponentially,  and  we  obtain  a  scaling  relation  between 
the  Hall  and  longitudinal  resistivities  as 

Pyx  =  A  p^^  ,  (12) 

with  A  =  — and 
the  power  u  =  (2a  +  6) /(a  -f-  6)  varies  between  1  and 
2  depending  on  the  detail  of  a  sample  which  deter¬ 
mines  the  numerical  factors  a  and  b.  It  is  inter¬ 
esting  to  note  that  the  present  range  of  u  covers 
the  values  obtained  previously  by  completely  different 
approaches]!  1].  We  also  note  that  if  the  vortex  (va¬ 
cancy)  tunneling  process[5]  is  allowed,  there  will  be  a 
finite  Hall  resistance  at  zero  temperature. 

The  linear  film  thickness  d  dependence  of  the  va¬ 
cancy  formation  energy  e„,  Eq.(9),  can  also  be  tested 
experimentally.  We  expect  this  linear  dependence  to 
hold  for  thin  enough  films.  For  a  thick  film  a  vortex 
line  will  bend  in  the  z-direction,  and  the  straight  line 
assumption  in  reaching  Eq.(9)  is  no  longer  valid.  This 
suggests  a  critical  thickness  dc  such  that  Eq.(9)  is  valid 
for  d  <  dc  and  €„  will  be  saturated  for  d  >  dc.  This 
critical  thickness  may  reflect  the  many-body  correla¬ 
tion  along  the  direction  of  the  magnetic  field  and  is 
likely  a  sensitive  function  of  both  the  magnetic  field 
and  the  temperature. 
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Now  we  discuss  the  qualitative  features  of  the  model. 
In  the  above  picture,  we  need  the  vortex  lattice  to  de¬ 
fine  vacancies,  and  a  sufficiently  strong  pinnings  to  pre¬ 
vent  the  slidding  of  vortex  lattice  in  order  to  obtain  a 
maximum  contribution  of  vacancies.  However,  there  is 
no  need  for  a  whole  lattice  structure.  Sufficiently  large 
local  structures,  like  lattice  domains,  will  be  enough  to 
define  vacancies.  Therefore  one  may  even  have  vacancy 
like  excitations  in  a  vortex  liquid  state,  where  large  lo¬ 
cal  orderings  exist.  Whether  or  not  this  is  also  true 
for  a  vortex  glass  state  depending  on  its  randomness. 
On  the  other  hand,  if  the  pinning  is  too  strong,  for  ex¬ 
ample,  the  pinning  center  density  is  much  larger  than 
the  vortex  density,  vortices  will  be  individually  pinned 
down  and  the  local  lattice  structure  required  for  the 
formations  of  vacancies  and  interstitials  will  be  lost. 
Therefore  we  only  expect  to  see  the  anomalous  Hall  ef¬ 
fect  in  a  suitable  range  of  pinnings  and  magnetic  fields, 
that  is,  for  Bi  <  |5|  <  with  the  lower  and  upper 
critical  fields  determined  by  pinnings. 

As  shown  by  Eqs.(7-9)  a  large  London  penetration 
depth  reduces  down  all  the  relevant  energy  scales,  and 
energetically  it  is  more  favoraLle  to  observe  the  anoma¬ 
lous  Hall  effect.  This  may  explain  the  experimental 
observation  that  it  is  difficult  to  observe  the  anoma¬ 
lous  Hall  effect  in  a  clean  conventional  superconduc¬ 
tor,  but  easy  in  a  dirty  superconductor  as  well  as  in 
a  high  temperature  superconductor  where  the  London 
penetration  depth  is  Iarge[2].  At  this  point,  we  wish  to 
point  out  the  important  difference  between  the  pinning 
centers  for  vortices  and  the  mean  free  path  of  electrons: 
The  vortex  dynamics  is  sensitive  to  pinning,  not  to  the 
mean  free  path.  There  is  no  obvious  relationship  be¬ 
tween  them. 

If  the  temperature  is  increased  towards  the  supercon¬ 
ducting  transition  temperature,  all  energy  scales  be¬ 
come  small,  and  so  does  the  difference  between  and 
e,-.  Other  contributions,  such  as  those  of  quasiparticles, 
the  slidding  of  vortex  lattice,  and  vortices  hopping  out 
of  pinning  centers,  become  dominant.  Those  contribu¬ 
tions  have  a  different  sign  for  the  Hall  resistance,  but 
the  same  sign  for  the  longitudinal  resistance  as  vacan¬ 
cies.  Therefore  one  expects  a  sign  change  in  the  Hall 
resistance  below  the  transition  temperature. 

It  is  important  to  check  whether  or  not  the  present 
model  can  also  explain  experiments  concerning  vortex 
motion  other  than  the  Hall  and  longitudinal  resistivity 
experiments.  We  will  mention  here  the  Nernst  effect. 
Under  the  driving  of  a  temperature  gradient  the  force 
felt  by  a  vacancy  is  opposite  of  the  force  felt  by  an 
interstitial  or  a  vortex  in  direction  but  equal  in  magni¬ 


tude.  Then  the  Nernst  effect  due  to  vacancies  has  the 
same  sign  as  that  of  vortices  or  interstitials.  There¬ 
fore  our  model  gives  that  in  the  anomalous  Hall  effect 
regime  there  is  no  sign  change  for  the  Nernst  effect, 
and  furthermore,  the  Nernst  effect  is  more  pronounced 
because  of  the  large  contribution  due  to  both  vacan¬ 
cies  and  interstitials.  This  is  in  agreement  with  the 
experimental  observations[12]. 

In  conclusion,  a  model  based  on  the  motion  of  va¬ 
cancies  in  a  pinned  lattice  is  proposed  to  explain  the 
anomalous  Hall  effect.  No  modification  of  the  basic 
vortex  dynamics  equation  is  needed.  Quantitatively  it 
leads  to  an  exponential  tail  and  the  scaling  relation  at 
low  temperatures,  and  no  sign  change  for  the  Nernst 
effect.  For  thin  enough  films  the  activation  energy  in 
the  low  temperature  limit  has  a  linear  film  thickness 
dependence.  Present  model  provides  a  framework  to 
understand  relevant  experiments,  and  further  experi¬ 
ments  are  needed  to  test  it.  The  most  direct  way  might 
be  the  observation  of  the  vacancy  motion. 

ACKNOWLEDGEMENTS 

Valuable  discussions  with  David  Thouless  and  An¬ 
drei  Shelankov,  in  particular  their  sharp  remarks,  as 
well  as  the  correspondences  on  experimental  aspects  of 
the  problem  from  John  Graybeal  and  Chris  Lobb,  are 
gratefully  acknowledged. 

REFERENCES 

1.  Superconductivity,  Vol.  II,  edited  by  R.D.  Parks  (  Marcel 
Dekker,  New  York,  1969). 

2.  See,  for  example,  S.J.  Hagen  et  at.,  Phys.  Rev.  B47,  1064 
(1993),  for  both  experimental  and  theoretical  overviews. 

3.  P.  Ao  and  D.J.  Thouless,  Phys.  Rev.  Lett.  70,  2158 
(1993);  D.J.  Thouless,  P.  Ao,  and  Q.  Niu,  Physica  A200, 
42  (1993);  P.  Ao,  Q.  Niu,  and  D.J.  Thouless,  Physica 
B194-196,  1453  (1994). 

4.  J.  Bardeen  and  M.J.  Stephen,  Phys.  Rev.  140,  A1197 
(1965);  P.  Nozieres  and  W.F.  Vinen,  Phil.  Mag.  14,  667 
(1966). 

5.  P.  Ao  and  D.J.  Thouless,  Phys.  Rev.  Lett.  72,  132  (1994); 
M.J.  Stephen,  ibid,  1534  (1994). 

6.  P.G.  de  Gennes,  Superconductivity  of  Metals  and  Alloys 
(Addison- Wesley,  Reading,  1966). 

7.  E.H.  Brandt,  Phys.  Rev.  B34,  6514  (1986). 

8.  J.  Friedel,  D»s/ocatjoj!s(Addison-Wesley,  Reading,  1964). 

9.  E.H.  Brandt,  Phys.  Stat.  Sol.  36,  371  (1969);  D.C.  Hill, 
D.D.  Morrison,  and  R.M.  Rose,  J.  Appl.  Phys.  40,  5160 
(1969). 

10.  H.  Trauble  and  U.  Essmann,  Phys.  Status  Solidi  18,  813 
(1966);  I.V.  Grigor’eva,  Sov.  Phys.  JETP  69,  194  (1989). 

11.  A.T.  Dorsey  and  M.P.A.  Fisher,  Phys.  Rev.  Lett.  68,  694 
(1992);  V.M.  Vinokur  et  ai,  ibid  71,  1242  (1993). 

12.  S.J.  Hagen  et  ai,  Phys.  Rev.  B42,  6777  (1990);  H.-C.  Ri 
et  al.,  ibid  B50,  3312  (1994). 


Journal  of  Superconductivity,  Vol.  8,  No.  4,  1995 


Cation  and  Anion  Disorder  in  HgBa2Can.iCun02n+2+5 

Massimo  Marezio,!’^  Edgar  T.  Alexandre, 1  Pierre  Bordet,!  Jean-Jacques 
Capponi,!  Catherine  Chaillout,!  Evgueni  M.  Kopnin,!  Sergio  M.  Loureiro,!  Paolo 
G.  Radaelli,^  and  Gustaaf  Van  Tendeloo^ 

January  5, 1995 

Cu  and  C  substitution  for  Hg  in  Hg-based  cuprate  superconductors  is  discussed.  The  large  Hg 
Debye-Waller  factor  usually  obtained  from  refinements  based  on  diffraction  data  should  be 
interpreted  as  an  indication  of  carbon  substitution  for  the  Hg  cations.  This  assumption  is 
corroborated  by  HREM,  powder  x-ray  anomalous  dispersion,  and  powder  neutron  diffraction 
investigations. _ 
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Samples  of  compounds  belonging  to  the 
HgBa2Can-lCun02n+2+x  series  were  found  to  exhibit 
record-high  superconducting  transition  temperatures  [1, 
2].  The  structures  of  these  compounds  are  very  similar 
to  those  of  the  other  layered  cuprates  in  which  oxygen- 
deficient  perovskite  blocks  alternate  with  oxygen- 
deficient  NaCl  blocks.  For  example,  they  contain  the 
following  layer  sequence: 

(Hg05)(Ba0)(Cu02){(Ca)(Cu02)}n-l(Ba0)(Hg05) 

Fig.  1  shows  the  structural  arrangements  of  the 
members  with  n  =  1  and  n  =  3.  The  specific, 
structural  features  of  these  compounds  can  be 
summarized  as  follows:  i)  The  Cu02  layers  exhibit  very 
small  buckling;  ii)  Because  of  the  tetragonal  symmetry, 
the  a  parameters  are  almost  exactly  twice  the  Cu-O  in¬ 
plane  distances  and  depend  on  the  copper  valence;  iii) 
The  Cu-O  apical  distances  are  anomalously  large 
(2.8  A)  as  compared  to  the  corresponding  distances  in 
similar  compounds,  for  example,  in  superconducting 
YBa2Cu307  the  Cu-O  apical  distance  is  2.28  A;  iv) 
The  Hg  cations  are  surrounded  by  two  close  oxygen 
atoms,  belonging  to  the  BaO  layers  above  and  below, 
forming  a  dumbbell  along  the  c  axis;  v)  The  oxygen 
sites  of  the  Hg  layers,  namely  those  forming  the  NaCl 
layers  of  the  charge  reservoir,  are  partially  occupied  and 
the  maximum  occupancy  factor  vary  from  one  member 
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to  the  next.  The  doping  mechanism  inducing 
superconductivity  is  strictly  linked  to  these  oxygen 
atoms. 


n=3 


Fig.  1.  Schematic  stmctural  arrangement  for 
HgBa2Cu04+g  and  HgBa2Ca2Cu30g+5 

Most  of  the  structural  data  for  these  compounds  have 
been  obtained  either  by  powder  neutron  diffraction 
techniques  or  by  high  resolution  electron  microscopy. 
All  the  structural  refinements  based  on  neutron  data 
analyzed  by  the  Rietveld  method  have  yielded 
anomalously  large  Debye  Waller  factor  for  the  Hg 
cations.  In  diffraction  experiments  this  may  be  the 
result  of  static  or  dynamic  displacive  disorder  or  of 
partial  substitution  by  another  cation  with  smaller 
scattering  power.  In  the  very  first  structural  refinement 
of  the  first  member  of  the  series,  HgBa2Cu04+5  or  Hg- 
1201,  carried  out  by  Wagner  et  al.  [3]  the  large  Debye- 
Waller  factor  of  Hg  was  interpreted  as  an  indication  that 
some  of  the  Hg  cations  were  replaced  by  Cu.  The 
subsequent  refinement  including  the  disorder  between 
Hg  and  Cu  indicated  that  7%  of  the  Hg  cations  were 
replaced  by  Cu.  These  authors  also  found  that  additional 


0896-1107/95A)800-0507$07.50A)  ©  1995  Plenum  Publishing  Corporation 


508 


Marezio  et  al. 


oxygen  atoms  were  located  near  the  edge  of  the  Hg 
mesh  at  (0.5,0,0.043).  This  site  and  that  in  the  middle 
of  the  mesh  at  (0.5, 0.5,0)  would  not  he  occupied 
simultaneously,  hut  the  former  would-be  around  the  Cu 
and  the  latter  around  the  Hg  cations.  The  distribution  of 
the  additional  oxygen  would  be  such  that  each  Cu  would 
have  a  square  co-ordination.  This  model  was 
corroborated  by  the  heat-treatment  experiments  carried 
out  by  Wagner  et  al.  [3].  When  the  oxidized  sample 
with  Tc  =  95  K  was  reduced  in  Ar  at  500°C  for  24 
hours,  Tc  decreased  to  59  K.  The  structural  refinement 
of  this  sample  showed  that  the  occupancy  factor  of  the 
oxygen  at  (0.5, 0.5,0)  dropped  practically  to  0,  while 
that  at  (0.5,0,0.043)  remained  unchanged.  The  59  K 
superconducting  sample  and  its  structure  seem  to 
indicate  that  in  Hg-1201  there  are  two  doping 
mechanisms,  one  related  to  the  oxygen  in  the  middle  of 
the  mesh  and  the  other  to  the  oxygen  on  the  middle  of 
the  edge.  The  local  stoichiometry  and  structure  around 
the  Cu  cations  substituting  for  the  Hg  ones  correspond 
to  the  hypothetical  compound  CuBa2Cu04+x  (x 
depending  on  the  number  of  oxygen  on  the  chain 
copper).  This  would  be  the  first  member  of  the 
homologous  series  CuBa2Yn-iCun02n+2+x>  of  which 
YBa2Cu307  written  as  CuBa2Yn-iCun02n+2+x  is  the 
second  member.  The  superconductivity  at  59  K 
observed  in  the  reduced  sample  of  reference  [3]  could  be 
due  to  domains  of  CuBa2Cu04+x  composition. 
Chmaissem  et  al.  [4]  who  refined  the  structure  of  the 
original  sample  of  Hg-1201  prepared  by  Putilin  et  al. 
[1]  also  found  an  anomalously  large  Debye- Waller  factor 
for  Hg,  but  no  additional  oxygen  was  found  to  exist  on 
the  edge  of  the  Hg  mesh.  This  feature  is  essential  to 
make  the  substitution  plausible.  If  the  Cu  cations  were 
in  the  dumbbell  co-ordination  they  would  be  necessarily 
in  the  +1  valence  state,  and  this  is  not  likely  when 
oxidized  precursors  are  used  to  prepare  the  samples. 

To  study  the  existence  of  the  Hgi_xCuxBa2Cu044.5 
solid  solution,  samples  with  x  =  0.00,  0.05,  0.10, 
0.15,  0.20,  0.25,  and  0.50,  were  synthesized  using  high 
pressure  and  high  temperature  technique  [5].  Only  the 
sample  with  x  =  0  was  found  to  be  monophase  by 
powder  x-ray  diffraction  and  depending  upon  the  heat 
treatment  was  either  non-superconducting  or  had  a  Tq  = 
50  K.  The  lattice  parameters  showed  that  these  samples 
were  overdoped.  All  the  other  samples  with  x  0 
contain  impurities,  whose  nature  and  relative  quantities 
depend  upon  x  and  the  compound  used  as  extra  Cu 
source.  The  structure  of  the  sample  with  x  =  0  and 
exhibiting  Tc  =  50  K  was  refined  by  synchrotron  x-ray 
powder  diffraction  data  [6].  The  preparation  of  this 
sample  and  its  thermal  history  are  reported  in  detail  in 
reference  [5].  The  data  collection  was  carried  out  at  the 


beam  line  X7A  of  the  NSLS,  Brookhaven.  A  Silll 
monochromator  and  a  scintillation  counter  together  with 
the  capillary  (0.3mm)  geometry  were  used.  In  order  to 
enhance  the  contribution  of  the  Cu  cations  substituting 
for  Hg,  the  pattern  was  collected  at  two  different 
wavelengths,  one  at  X  =  1.0504  A  far  from  the  Cu  K 
edge  and  the  other  very  close  to  it  at  1.3725  A.  In  the 
pattern  at  the  short  wavelength  only  a  very  weak 
reflection  due  to  an  unknown  impurity  was  detected.  Its 
relative  intensity  indicates  that  the  sample  was  better 
than  99%  pure.  Because  of  absorption  this  reflection 
was  not  visible  in  the  pattern  corresponding  to  the 
wavelength  close  to  the  edge.  Simultaneous  structural 
refinements  on  both  sets  of  data  were  carried  out  by 
using  the  GSAS  program.  The  final  parameters  are 
given  in  Table  1 .  The  occupancy  factor  of  the  Hg  site 
clearly  indicates  that  the  substitution  of  Hg  by  Cu  is  nil 
within  our  experimental  errors.  Note  that  the  Debye- 
Waller  factor  for  Hg  is  still  appreciably  higher  than  that 
of  Ba.  The  5  value  of  0.12(2)  and  that  of  Tc  (50  K) 
confirmed  that  this  sample  of  Hg-1201  is  overdoped. 


Table  1;  Structural  parameters  from  simultaneous  refinements  of 
synchrotron  x-ray  diffraction  data  at  7.1=1,0504  and  7.2=1.3725  A 


a=b 

3.87320(2) 

01 

x=z 

0.5 

c= 

9.48088(8) 

y 

0.0 

Hg/Cu  x=y 

0.0 

Biso 

0.0016(1) 

z 

0.0 

02 

x=y 

0.0 

n(Hg) 

1.01(3) 

z 

0.2068(7) 

n(Cu) 

-0.09(6) 

Ul  1=022 

0.037(3) 

Uii=U22 

0.0165(4) 

U33 

0.002(4) 

U33 

0.0166(7) 

03 

x=y 

0.5 

Ba  x=y 

0.5 

Z 

0.0 

z 

0.29520(6) 

n 

0.12(2) 

'Jjso 

Cu  x=y 

0.0075(3) 

0.0 

Oiso 

0.001 

z 

0.5 

^wp 

5.49% 

^iso 

0.0018(5) 

n  ^ 

^exp 

3.01% 

It  is  clear  that  the  x-ray  and  neutron  powder  data 
results  are  contradictory.  There  are  two  possible 
explanations  for  this  discrepancy:  1)  one  of  the  two 
results  is  incorrect;  2)  the  two  samples  are 
fundamentally  different.  Actually,  they  were  prepared  by 
completely  different  techniques.  The  one  of  reference  [3] 
was  prepared  in  a  sealed  tube  and  heat  treated  for  8  hours 
at  845°C,  the  present  sample  was  prepared  in  a  belt-type 
high-pressure  apparatus.  One  crucial  experiment  would 
be  to  obtained  anomalous  x-ray  diffraction  data  on  the 
sample  of  reference  [3], 

Recently,  compounds  in  the  system  Ba-Ca-Cu-0, 
which  were  referred  to  as  copper-cuprates,  were 
synthesized  by  high  pressure  and  high  temperature 
techniques  [7,  8]  and  found  to  have  high 
superconducting  transition  temperatures  (=  120  K).  It 
was  shown  by  HREM  that  these  compounds  contain  C 
and  their  formula  should  be  very  similar  to 
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(Cui.xCx)Ba2Can-iCuj,Oy,  in  which  the  single  layer 
sandwiched  between  two  BaO  layers,  contains  ordered 
Cu  and  C  cations  [9].  It  is  possible  that  the  same 
substitution  occurs  for  the  Hg  cuprates,  namely  some 
of  the  Hg  are  replaced  by  C.  An  ordered  occupation  of 
Hg  and  C  was  found  by  HREM  in  some  crystallites  of 
a  (Hg,C)Ba2Sr2Cu20x  sample  [10],  The  structure  of 
this  phase  derives  from  that  of  Hg-1201  in  which  Ba 
and  Sr  occupy  the  Ba  sites  of  HgBa2Cu04+5  and  Hg 
and  C  those  of  Hg.  The  carbon  cations  are  surrounded 
by  three  oxygen  atoms  arranged  as  a  triangle.  Two  of 
these  oxygen  are  located  in  the  two  (BaO)  layers  above 
and  below  while  the  third  lies  in  the  same  layer  as  C. 
Such  co-ordination  was  found  to  exist  in  the  structure 
of  Sr2Cu02C03  [11,12]  which  contains  the  layer 
sequence  (Cu02)(SrO)(CO)(SrO). 

A  structural  refinement  of  an  overdoped  non 
superconducting  Hg-1201  sample,  based  on  neutron 
diffraction  data,  has  been  recently  carried  out  [13].  The 
refinement  including  the  atoms  corresponding  to  the 
HgBa2Cu04+5  formula  yielded  the  usual  high  Debye- 
Waller  factor  for  Hg  (B=1.37A).  The  value  of  8 
(0.21(3))  together  with  the  fact  that  no 
superconductivity  was  detected  proved  that  the  sample 
was  indeed  overdoped.  Attempts  to  find  additional 
oxygen  in  the  middle  of  the  edge  of  the  Hg  layer  which 
would  be  a  signature  for  the  presence  of  Cu  on  the  Hg 
sites  resulted  in  a  slightly  negative  occupancy  factor  for 
this  position.  Because  of  the  possibility  of  C  replacing 
Hg  in  this  type  of  compounds,  refinements  of  models 
containing  carbonate  groups  were  carried  out.  The  two 
models  which  gave  reasonable  agreement  between 
observed  and  calculated  intensities  and  more  importantly 
were  not  rejected  during  the  refinement  process  are 
shown  in  Fig.  2.  In  the  first,  the  C  atoms  were  placed 
at  (0,0,z),  two  of  the  three  co-ordinating  oxygen  atoms 
at  (x,x,0)  and  (-x,-x,0)  and  the  third,  belonging  to  one 
of  the  adjacent  (BaO)  layer,  at  (0,0,z').  In  this 
configuration  oxygen  vacancies  may  be  created  on  the 
other  adjacent  (BaO)  layer,  as  shown  in  Fig.  2.  In  the 
second  configuration  the  C  atoms  are  located  in  (x,x,0), 
with  one  of  the  co-ordinated  oxygen  atoms  at 
(1/2,172,0)  and  the  other  two,  belonging  to  the  (BaO) 
layers,  at  (0,0, z)  and  (0,0, -z).  Unfortunately,  the 
refinements  did  not  allow  one  to  choose  between  the 
two  models.  It  should  be  pointed  out  that  the  first 
configuration  allows  the  possibility  of  a  second  doping 
mechanism  based  on  the  extra  oxygen  brought  in  by  the 
carbonate  group.  This  could  be  partly  compensated  by 
vacancies  on  the  BaO  layer  as  shown  in  Fig.  2.  The 


additional  doping  mechanisms  would  explain  the 
superconductivity  at  59  K  for  the  reduced  sample 
reported  in  reference  [3].  On  the  other  hand,  the  second 
configuration  can  reconcile  a  systematic  difference, 
commonly  obtained  for  the  Hg  cuprate  samples, 
between  the  S  values  determined  by  diffraction 
techniques  and  that  deduced  from  iodometric  titration. 
For  example,  for  the  present  compound  the  5  value 
deduced  from  the  latter  technique  is  0.13(2)  as  compared 
to  0.21(2)  determined  by  neutron  diffraction.  The  latter 
is  larger  than  the  former  because  the  diffraction 
technique  determines  the  occupation  factor  of  the 
oxygen  site  at  (1/2,172,0)  without  discriminating 
whether  these  oxygen  atoms  are  bonded  to  Hg  or  C. 
Iodometric  titration  determines  the  amount  of  Cu^"*", 
therefore,  the  concentration  of  the  doping  oxygen.  The 
difference  between  the  values  of  5  represents  the 
concentration  of  the  C  atoms.  The  structural  refinement 
yielded  an  occupancy  factor  for  the  C  atoms  equal  to 
0.084(12),  which  agrees  surprisingly  well  with  the 
difference  between  0.21(2)  and  0.13(2). 


Fig.  2.  Model  of  the  carbonate  defects  with  C  atom 
shifted  along  the  c  axis  (on  the  left)  and  with  the  C 
atom  on  the  Hg  layer  (on  the  right). 

To  prove  that  carbonate  groups  may  be  incorporated 
into  the  structures  of  the  Hg  cuprates,  Kopnin  et  al. 
[14]  have  synthesized  samples  of  Hg- 1223  and  Hg-1234 
by  using  precursors  obtained  by  the  decomposition  of 
Ba02,  CaC03  and  CuO.  The  samples  were  found  to 
exhibit  much  lower  Tc's  (64  K  for  1223  phase,  and  no 
superconductivity  for  the  1234  phase)  than  the 
corresponding  Hg-based  samples  prepared  by  different 
precursors  and  this  even  after  heat  treatments  in  oxygen 
flow.  The  lattice  parameters  measured  by  conventional 
x-ray  powder  diffraction  of  the  1223  phase  were  found 
to  be  a=3.8653(5)A,  c=15.671(4)A.  These  values  differ 
largely  from  the  parameters  of  a  sample  prepared  by  a 
nitrate  precursor  (a=3. 8532(6)  A,  c=15. 818(2)  A)  [15]. 
Note  that  the  c  parameter  of  the  sample  prepared  from 
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carbonates  is  smaller  than  that  of  the  sample  prepared 
from  nitrates.  The  incorporation  of  carbonate  groups 
induces  a  decrease  of  the  c  parameter  because  the  C-O 
distances  are  much  shorter  than  the  Hg-0  ones.  The 
variation  of  the  lattice  parameters  cannot  be  attributed 
to  different  oxygen  contents,  because  a  variation  of  5 
would  change  both  parameters  in  the  same  direction. 
The  structural  refinement  of  the  1223  phase  carried  out 
by  using  synchrotron  X-ray  powder  data  revealed  a  large 
deficiency  of  the  Hg  site.  The  occupancy  factor  for  this 
site  was  found  to  be  0.69(1).  This  may  be  explained  by 
the  replacement  of  some  of  the  Hg  cations  by  C. 


Fig.  3.  High  resolution  image  along  [010]  of  the  1223 
phase,  showing  the  individual  cation  columns  as 
bright  dots. 


Electron  diffraction  and  high  resolution  electron 
microscopy  for  the  1223  sample  reveal  the  perfect  1223 
structure,  with  no  traces  of  superstructure  or 
imperfections.  In  the  image  of  Fig.  3  all  cations  are 
revealed  as  bright  dots  and  the  HgOs  layer  can  be  easily 
identified  as  the  more  diffuse  one;  this  follows  by 
comparison  with  computer  simulated  images.  Within 
this  layer,  however,  we  do  see  variations  in  the 
intensities  of  the  different  bright  dots.  These  variations 
can  be  quantified  by  densitomer  traces  along  the  HgOs 
layer  as  well  as  along  the  neighboring  Cu02  layer.  The 
results  are  shown  in  Fig.  4  where  the  intensity  of 
different  bright  dots  along  a  single  HgOg  row  and 
labelled  from  1  to  34  are  shown.  A  clear,  somewhat 
periodic,  variation  in  the  intensity  is  observed,  whereas, 
almost  no  variation  was  detected  for  a  Cu02  row.  This 
indicates  a  variation  in  the  occupation  of  the  Hg 
positions.  If  these  variations  were  not  random,  but 
periodic,  they  would  give  rise  to  weak  superstructure 
reflections  visible  in  the  diffraction  patterns. 


Measurements  of  the  local  composition  by  EDX  reveal 
indeed  a  deficiency  of  Hg  (70-80%)  with  respect  to  the 
other  elements,  but  not  excess  of  Cu.  All  these 
observations  seem  to  indicate  that  some  of  the  Hg 
cations  are  replaced  by  carbon. 

HgOs  layer 


Fig.  4.  Intensity  measurements  of  individual  dots  along  a 
HgOs  row  of  Fig.  3. 
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Superconductivity  Above  100  K  in  Compounds  Containing 
Hg 
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C.  C.  Kim,i’2  B.  Das,i  S.  B.  Qadri,i  A.  W.  Webb,i  and  R.  J.  Soulen,  Jr.i 


The  results  of  studies  of  new  Hg  based  cuprate  superconductors  are  reported.  Several  members  of 
a  new  family  of  (Hg,Tl)(Ba,Sr)Can-2CunOx  high  temperature  superconductors  have  been 
synthesized.  These  compounds,  which  are  analogs  to  the  Hg-Ba-Ca-  and  Tl-Ba-Ca-  layered 
cuprates,  are  multi-phased  and  have  superconducting  transition  temperatures  above  100  K. 
Incorporation  of  Hg  appears  to  stabilize  several  of  the  Tl-compounds,  including  a  double  layer. 
Tl/Sr  system,  in  a  manner  similar  to  the  role  that  Pb  plays  in  the  Tl/Sr-  and  Bi/Sr-systems.  It 
has  been  suggested  that  recent  reports  of  resistive  T^'s  above  200  K  in  Hg  based  samples  are 
due  to  the  presence  of  free  Hg.  Magnetization  measurements  of  such  a  sample  confirm  this 
hypothesis. 


KEY  WORDS:  superconductivity,  cuprate,  Hg,  Tl. 


1.  INTRODUCTION 

Recent  reports  of  new  Hg  based  high  temperature 
superconductors  (HTS)  has  rejuvenated  the  search  for 
ever  higher  superconducting  transition  temperatures 
(Tc).  While  there  have  been  reports  of  large  drops  in 
sample  resistance  above  200  K,  the  highest  known 
confirmed  Tc  at  ambient  pressure  occurs  in  the 
HgBa2Can-iCunOy  [1,2]  system.  The  next  highest  set 
of  transition  temperatures  exists  in  the  TlBaCaCuO 
layered  cuprate  family  [3,4].  Attempts  to  increase  Tc  in 
these  compounds  by  doping  has  not  succeeded: 
Substituting  Sr  for  Ba  significantly  reduces  Tc  in  the  Tl 
system  [5]  and  apparently  has  a  similar  effect  in  the  Hg 
system.  Recently,  there  was  a  report  of  a  Hg/Tl 
intergrowth  forming  a  unit  cell  wherein  a  1201/Hg  was 
combined  with  a  2201/Tl  [6]  with  a  Tc  about  half  that 
of  either  end  member.  Hur  et  al.  [7]  reported  the 
synthesis  of  a  (HgTl)BaCaSrCuO  compound  with  a 
single  Hg/Tl  layer  and  Tc  values  of  128-132  K.  Bryntse 
[8]  reported  a  (Hg,Tl)2Ba2CaCu20y  material  with  a  Tc 
of  100  K,  and  Sun  et  al  [9]  reported  a  Tg  as  high  as  140 
K  in  (Hg,Tl)Ba2Ca2Cu30y. 

We  initiated  a  systematic  effort  to  synthesize 
mixed  Hg  and  Tl  cuprate  compounds  with  the  hope  of 


producing  several  new  intergrowth  structures  with  high 
superconductive  transition  temperatures.  We  used  a  hot 
isostatic  press  (HIP)  [5,10]  to  prepare  samples  since  it 
was  successful  in  synthesizing  compounds  difficult  to 
fabricate  by  other  means.  In  addition  to  offering  the 
element  of  safety,  this  technique  allows  the  operator  to 
select  a  broader  range  of  reaction  temperatures  and 
pressures  than  are  normally  accessible  in  conventional 
processing.  More  recently  we  showed  that  HTS  Hg 
compounds  could  also  be  fabricated  by  the  HIP  [11] 
process  where  the  externally  applied  pressure  served  to 
contain  the  high  Hg  pressures  developed  during  the 
reaction.  We  also  demonstrated  that  bulk  devices  such  as 
shields  and  test  bars  could  be  fabricated  directly  in  a 
HIP.  In  addition,  for  several  samples  we  used  a 
tetrahedral  press  to  achieve  even  higher  pressures  and 
temperatures  during  synthesis. 

In  this  report,  we  describe  our  success  in 
synthesizing  compounds  with  nominal  compositions 
corresponding  to  the  intergrowth  formulas  Tli(or  2)Hg 
(Ba(Sr))4Ca2nCu2+2nOx-  For  n=0,  this  formula 
corresponds  to  a  layer  sequence  of  T10-T10-(Ba,Sr)0- 
Cu02-(Ba,Sr)0-Hg0-(Ba,Sr)0-Cu02-(Ba,Sr)0-T10- 
T10-(Ba,Sr)0-Cu02-(Ba,Sr)0-HgO-(Ba,Sr)0-Cu02- 
(Ba,Sr)0.  Martin  et  al.  [6]  have  synthesized  the  n=0  Ba 
compound  has  a  tetragonal  unit  cell  with  a=3.86  A  and 
c=42.2  A. 


We  also  report  on  the  results  of  the 
Naval  Research  Laboratory,  Washington  D.  C.  20375-5000  superconducting  properties  of  a  HgBa2CuOy  sample 
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with  a  large  resistance  drop  at  240  K.  These  results 
strongly  suggest  that  such  "transitions"  are  not  due  to 
superconductivity  but  to  the  freezing  of  free  Hg  in  the 
sample. 

2.  SAMPLE  PREPARATION 

Precursors  of  the  Ba,  Sr,  Ca,  and  Cu  oxides  were 
prepared  and  mixed  with  HgO  and  TI2O3.  These  mixed 
powders  were  placed  in  a  pouch  of  gold  foil,  which  was 
then  sealed  inside  a  thin-walled  stainless  steel  container 
under  vacuum.  Most  of  the  samples  were  processed  at 
850°C  and  160  MPa  for  30  minutes  after  which  time 
the  power  to  the  furnace  was  shut  off.  Several  samples 
were  made  at  900°C  and  210  MPa  for  three  hours. 
Details  of  the  sample  preparation  are  presented 
elsewhere  [12]. 

After  processing  and  removal  from  the  stainless 
steel  container,  the  gold  foil  was  peeled  off  the  sample. 
No  evidence  for  a  reaction  between  the  stainless  steel 
and  gold,  or  between  the  gold  and  the  sample  was  found. 
We  were  also  successful  in  synthesizing  these 
compounds  at  much  higher  pressures  (~  6  GPa)  and  at 
higher  temperatures  in  a  tetrahedral  press,  the  details  of 
those  efforts  will  be  reported  elsewhere  [13]. 

3.  COMPOSITIONAL  ANALYSIS 

Due  to  the  volatility  of  Hg  and  the  fact  that 
many  of  the  Tc  values  of  the  (Hg,Tl)  compounds  are 
comparable  to  those  found  for  the  pure  T1  compounds, 
we  carried  out  a  study  to  determine  the  extent  to  which 
the  Hg  was  actually  incorporated  into  the 
superconducting  material  [12].  Imaging  in  the  SEM 
clearly  revealed  small  amounts  of  unreacted  masses, 
which  corroborated  optical  observations  of  polished 
samples  in  polarized  light.  EDS  analysis  of  grains  for 
chemical  composition  showed  clear  evidence  for 
incorporation  of  Hg.  To  determine  the  homogeneity  of 
the  Hg  and  Tl,  an  x-ray  dot  map  was  made  of  a  region 
containing  several  large  grains.  No  variation  of  Hg  or 
Tl  composition  was  visible  within  the  grains.  Earlier 
EDS  analyses  of  Tl/Hg/Sr  samples  also  showed  that  the 
Tl  and  Hg  were  uniformly  distributed  [5].  Grains  of  Ca- 
or  Ba-cuprates  were  also  found. 

Samples  were  also  sent  to  a  commercial 
laboratory  for  ICP  analyses.  These  results  showed  that 
the  Hg  and  Tl  content  of  the  reacted  bulk  samples  was 
very  nearly  equal  to  that  of  the  nominal  composition  of 
the  starting  material  [14],  indicating  that  very  little  Hg 
could  have  escaped  from  the  sample.  Furthermore, 
examination  of  the  gold  and  stainless  steel  containment 


pouches  by  x-ray  fluorescence  showed  no  evidence  of 
Hg  contamination. 

4.  X-RAY  STRUCTURAL  ANALYSIS 

Standard  polycrystalline  x-ray  diffraction  methods 
were  used  to  identify  the  crystal  structures  of  the  phases 
present  in  each  of  the  samples  [12].  The  measured 
spectra  were  compared  to  those  of  the  known  structures. 
Interpretation  of  the  data  is  complicated  by  the  fact  that 
none  of  our  synthesis  efforts  yielded  a  single  phase 
product.  The  x-ray  patterns  for  what  are  believed  to  be 
the  dominant  phases  were  analyzed  and  the  a-  and  c  axis 
parameters  were  determined.  Most  of  the  patterns  could 
be  interpreted  as  originating  from  samples  containing  a 
mixture  of  two  or  more  of  the  known  Tl-structures, 
“2212”,  “2223”,  and  “2234”.  All  diffraction  patterns 
showed  a-axes  of  about  3.8  A,  which  is  approximately 
the  same  value  for  all  the  known  Hg-  and  Tl- 
compounds.  The  c-axis  parameters,  though,  were 
inconsistent  with  the  nominal  chemistry  of  intergrowth 
structures,  phase  separated  end-members  of  Tl  and  Hg 
compounds,  or  Tl  compounds  alone.  The  last  case  was 
considered  as  a  likely  consequence  in  the  event  of  loss 
of  all  the  Hg. 

For  most  samples  the  spectrum  was  matched 
with  a  known  structure  which  was  expected  from  the 
nominal  composition.  In  other  cases,  the  spectra  best 
matched  a  structure  that  was  inconsistent  with  the 
nominal  composition.  These  inconsistent  results  may 
be  explained  by  phase  separation,  intergrowths  with 
disordered  stackings  of  Hg  and  Tl  like  unit  cells,  or 
substitution  of  Hg  into  sites  within  a  Tl-superconductor 
structure. 

5.  SUPERCONDUCTING  PROPERTIES 

The  superconducting  transition  temperatures  were 
determined  from  plots  of  the  resistance  versus 
temperature,  R(T),  using  four-probe  ac  resistance 
measurements.  All  of  the  (Hg/Tl)  layered  cuprates  were 
found  to  be  superconducting.  The  samples  containing 
Ba  always  had  Tc  values  above  100  K,  which  were 
invariably  higher  than  their  Sr  analogs.  Fig.  1  shows 
the  R(T)  plot  for  several  samples  of 
HgTl2Ba4Ca4Cu50x  which  were  the  best  results  to  date 
for  this  system.  The  best  sample  had  an  onset  at  132  K 
and  R=0  at  127  K  and  was  made  in  the  tet  press  [13]. 

The  dc  magnetic  moment,  m(T),  of  the  samples 
was  also  measured  as  a  function  of  temperature  using  a 
Quantum  Design™  MPMS  SQUID  system. 


Superconductivity  Above  lOOK  in  Compounds  Containing  Hg 
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Temperature  (K) 

Fig.  1:.  Resistance  (normalized  to  the  room  temperature  resistance) 
versus  temperature  for  the  samples  of  HgTl2Ba4Ca4Cu60x  with  the 
highest  transition  temperatures. 

The  moments  of  small  pieces  of  the  samples  were 
recorded  in  a  magnetic  field  of  10  Oe  in  both  field-cooled 
and  zero-field-cooled  situations.  An  example  of  the 
behavior  seen  is  shown  in  Fig.  2  for  a  sample  of 
HgTl2Ba4Ca4Cu60x.  As  in  the  R(T)  measurements, 
more  than  one  transition  was  observed.  These 
temperatures  are  not  identified  with  a  particular 
phenomenon  such  as  an  onset  temperature  or  a 


Fig.  2  Magnetic  moment  for  a  sample  of  HgTl2Ba4Ca4Cu60x 
versus  temperature.  A  magnetic  field  of  10  Oe  was  applied  to 
obtain  the  field-cooled  trace  (upper)  and  zero-field-cooled  trace 
(lower).  Inset:  expanded  temperature  display  near  the  onset  of 
superconductivity. 


temperature  where  full  diamagnetism  occurs  because 
these  features  are  not  uniquely  defined  by  the 
measurements.  There  is  reasonably  good  agreement 
between  the  onset  temperature  determined  from  the  R(T) 
curves  and  the  temperature  at  which  diamagnetism  first 
appears.  Correlations  between  any  other  transitions 
identified  by  R(T)  or  x(T)  are  not  clear-cut. 

6.  DISCUSSION 

We  have  synthesized  several  Hg/Ba  and  Tl/Ba 
(calcium)  cuprates  with  Tc  values  between  those  for  the 
Hg/Ba-  and  Tl/Ba-compounds.  This  observation  applies 
for  both  the  single  and  double  layer  T1  cuprates.  While 
we  do  not  have  conclusive  evidence  for  the  formation  of 
the  higher  order  intergrowth  structures  of  Hg/Tl 
compounds,  EDS  clearly  shows  that  the 
superconducting  materials  contain  both  T1  and  Hg. 

For  Hg/Tl/Sr  compositions,  superconductivity 
was  found  in  crystal  structures  corresponding  to  both 
single  and  double  Tl-0  layers  [12].  When  the 
predominant  structure  was  1212,  corresponding  to  a  1:1 
ratio  of  Hg  and  Tl,  the  Tq  at  R=0  was  either  40  K,  or 
nearly  100  K.  It  is  probable  that  the  higher  transitions 
are  for  a  1223  like  structure.  Higher  T^  values  were  also 
observed  in  samples  with  double  Tl-0  layers,  2212, 
with  R=0  at  70  to  80  K  and  onsets  greater  than  100  K. 
Without  the  addition  of  Hg,  double  layers  of  Tl-O  are 
not  found  in  Tl/Sr  cuprates.  In  fact,  without  the  addition 
of  some  stabilizing  element  such  as  Pb  or  Hg,  Tl/Sr 
cuprates  are  difficult  to  form,  Tq  values  in  the  (Tl,Hg)Sr 
compounds  are  not  as  high  as  found  in  the  Tl/Pb/Sr 
cuprates;  Tl/Pb/Sr  1223  has  an  onset  of  125  K  [15], 
whereas  the  highest  transition  observed  for  Tl/Hg/Sr  is 
1 14  K.  These  high  onset  temperatures  (>100  K)  indicate 
that  Hg/Tl/Sr  cuprates  are  potentially  interesting  and 
useful  materials. 

7.  POSSIBLE  HIGHER  Tc'S? 

Recently  there  have  been  several  reports  of  large 
resistance  drops,  even  to  R=0,  in  Hg  based  samples. 
Since  the  resistance  of  elemental  Hg  drops  significantly 
at  its  melting  temperature  of  =240  K  [16]  it  has  been 
suggested  that  the  resistance  anomalies  observed  in  the 
HTS  are  due  to  free  Hg  which  has  accumulated  at  grain 
boundaries. 

Fig.  3  is  a  plot  of  the  resistivity  vs.  temperature 
for  a  sample  of  HgBa2CuOy  made  in  the  tetrahedral 
press  showing  a  significant  drop  in  resistivity  at 
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Fig.  3.  Resistance  as  a  function  of  temperature  for  a  HgBa2CuOy 
sample  showing  a  large  resistance  drop  at  240  K. 

approximately  240  K.  Magnetization  measurements 
made  on  this  sample  (Fig.  4)  display  no  hint  of  a 
diamagnetic  transition  at  high  temperature.  At  237  K 
there  is  what  appears  to  be  a  drop  in  the  moment  but  we 
attribute  that  to  measurement  noise.  At  around  60  K 


Temperature  (K) 


Fig.  4.  Magnetization  for  the  sample  in  Fig,  3  from  room 
temperature  down  to  4.2K.  Inset::  Magnification  of  the  curve  below 
5  K. 


there  appears  to  be  an  onset  of  diamagnetism  although 
the  moment  never  drops  below  zero. 


The  inset  of  Fig.  4  is  a  magnification  of  the  plot 
for  temperatures  below  5  K.  Arrows  indicate  the 
transition  temperatures  of  Hg  and  In  (since  In  solder  was 
used  for  the  resistance  measurements).  These  results 
strongly  suggest  that  the  large  resistive  anomalies  are, 
indeed,  due  to  elemental  Hg  which  has  been  freed  during 
sample  processing.  Thus,  researchers  looking  for  very 
high  temperature  Tq's  in  the  Hg  based  HTS  should 
include  magnetization  measurements  below  5  K  as  a 
regular  practice  in  verifying  suspicious  resistive 
anomalies  at  much  higher  temperatures. 
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Single  crystals  ofHg,.,PbjBa2Can.|CUn02„+2+j  (x=0, 0.2, 0.5;  n=2,3,4,5)  and  infinite  layer 
CaCuOj  compounds  have  been  grown  using  a  high  gas  pressure.  Resistivity  measurements 
have  been  performed  in  fields  up  to  10  T.  The  Hgo.gPb,,  2-1234  single  crystals  of  a  size  up 
to  0.5x0. 5  mm^  have  a  onset  of  130  K.  Single  crystals  of  CaCuOj  of  a  size  up  to  2x1 
mm^  have  a  T,.  onset  between  70  and  100  K.  X-ray  structural  refinements  have  been 


performed  on  the  CaCu02  and 


KEY  WORDS:  Single  crystals, 

l.INTRODUCTION 

There  are  two  families  of  superconducting 
compounds  which  are  especially  interesting:  the  family 
of  HgBaCaCuO  [1,2]  which  recently  attracts  much 
interest  due  to  the  highest  critical  temperature,  T^  =  135 
K,  and  the  infinite-layer  (CaA)Cu02  (where  A-alkaline- 
earth  metal)  compovmds,  which  have  the  simplest 
crystallographic  structure  displaying  superconductivity. 

One  of  the  main  difficulties  with  the  synthesis 
of  HgBaCaCuO  is  a  low  thermal  stability  of  the  mercury 
compounds.  HgO,  used  for  the  preparation  of 
HgBaCaCuO  compounds  decomposes  at  ambient  pressure 
at  about  400°C.  At  this  temperature  kinetics  of  the 
formation  of  HgBaCaCuO  is  very  slow.  In  order  to 
prevent  decomposition  of  HgO  and  evaporation  of  Hg 
before  the  reaction  takes  place  Hgl2(n-l)n  compounds 
have  usually  been  synthesized  in  quartz  glass  ampoules 
at  ambient  or  slightly  increased  pressure,  or  at  high 
pressure  in  a  belt  type  apparatus.  In  the  first  case, 
dependent  on  a  free  volume  of  the  ampoule,  a  part  of 
HgO  decomposes  creating  relatively  high  pressure  ofHg, 
HgO,  and  O2  vapours  of  more  than  10  bars  leading 
sometimes  to  explosion  of  the  ampoules.  Due  to 
difficulties  with  the  control  of  Hg  partial  pressure  it  is 
very  difficult  to  obtain  stoichiometric  samples. 

‘Laboratorium  fur  Festkorperphysik  ETH  8093-Zurich,  Switzerland. 
^IBM  Research  Division  8803  Ruschlikon,  Switzerland. 
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HgPb-12(n-l)n  single  crystals. 


high  pressure  synthesis,  structure,  HgBaCaCuO,  CaCu02. 

Therefore,  high  pressure  techniques  with  a  solid-me¬ 
dium,  usually  pyrophylite,  have  been  frequently  applied. 

In  the  case  of  the  infinite  layer-CaCu02  the 
reason  for  using  the  high  pressure  technique  was 
different:  the  superconducting  phase  is  metastable  at 
ambient  pressure  and  a  pressure  of  50  kbar  has  been 
reported  to  be  necessary  to  stabilize  the  phase  in  a  solid- 
medium  pressure  systems.  The  solid-medium  pressure 
technique  has  many  disadvantages:  The  sample  is  limited 
up  to  ~0.5  cm^.  The  pressure  and  temperature 
distributions  are  not  homogeneous  and  the  partial  oxygen 
pressure  is  difficult  to  control,  resulting  in  undefined 
preparation  conditions.  Single  crystal  growth  is 
impossible  as  well.  There  is  also  a  great  probability  of 
introducing  impurities  from  the  pressure  medium.  These 
disadvantages  disappear  in  a  gas  pressure  system.  An  Ar 
gas  atmosphere  with  a  defined  partial  oxygen  pressure 
leaves  free  space  for  a  single-crystal  growth.  A 
temperature  gradient  in  a  multizone  furnace  is  relatively 
easy  to  control.  A  maximum  sample  volume  can  be 
several  cm^.  Using  such  a  system  we  have  synthesized 
Hgl2(n-l)n  and  infinite  layer-CaCu02  single  and 
polycrystalline  samples. 

2.  CRYSTAL  GROWTH  OF  BfePb-12(n-l)n 

In  order  to  succesfully  perform  a  synthesis  of  a 
compound  it  is  desirable  to  have  basic  thermodynamic 
data  like  vapor  pressures  of  gaseous  components  as  a 
function  of  a  temperature  and  melting  points.  Although 
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Fig.l  Partial  and  total  pressures  created  in  a  closed 
crucible  of  a  volume  5  cm^  by  a  decomposition  of:  Ig 
HgO;  a),  5g  HgO;  b).  In  the  lower  part  of  the  figure  one 
can  see  fraction  of  decomposed  solid  HgO  and 
appearance  of  liquid  Hg  in  a  certain  temperature  range. 

many  papers  appeared  on  the  synthesis  of  these 
compounds,  there  is  no  information  in  the  literature 
concerning  thermodynamics  of  this  system. 

Using  existing  data  we  have  calculated  partial 
pressures  in  closed  crucibles  by  a  decomposition  of  HgO 
only.  As  one  can  see  in  Fig.l,  dependent  on  the  free 
volume  of  the  crucible  and  the  amoimt  of  the  material, 
these  pressures  can  reach  several  hundreds  bars  at  the 
synthesis  temperature.  By  a  variation  of  the  relation 
between  the  free  space  and  the  mass  of  the  sample  one 
can  control  partial  pressures  of  the  components.  As  we 
observed  in  our  crystal  growth  experiments,  an  increase 
of  the  partial  pressures  by  lowering  of  the  volume  leads 
to  the  synthesis  of  the  compounds  with  higher  n. 

Hg-12(n-l)n  compounds  melt  peritectically,  but 
at  ambient  pressure  they  decompose  before  melting  and 
the  volatile  components  evaporate.  Our  goal  was  to 
prevent  decomposition  by  an  encapsulation  of  the  sample 
with  a  high  hydrostatic  inert  gas  pressure  until  the 
peritectic  temperature  is  reached.  Due  to  the  high  density 
of  Ar  gas  at  this  pressure  the  evaporation  of  Hg  is 
strongly  supressed.  Additionally,  application  of  a  flux 
with  a  lower  melting  point  allows  growth  of  single 
crystals  below  the  peritectic  decomposition  temperature. 
As  a  flux  PbO  or  BaCuOj-CuO  mixture  have  been  used. 
The  crystallization  temperature  was  1020°  <T  <  1070°C. 
All  experiments  have  been  performed  at  Ar  pressure  10 
kbar.  Two  crucible  materials  have  been  applied:  alumina 
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and  yttria.  Crystal  growth  in  the  alumina  crucible  leads 
to  a  strong  doping  with  Al  and  mixed  (HgAl)BaCaCuO 
have  been  obtained.  In  yttria  crucibles  we  have 
crystallized  HgPb-1234  and  HgPb-1245  pure  phase 
crystals  as  well  as  HgPb-1212  strongly  doped  with  Y. 
The  details  of  the  crystal  growth  procedure  have  been 
published  in  a  separate  paper  [3,4]. 

Figure  2  shows  a  HgPb-1234  single  crystal 
with  characteristic  growth  steps.  T^  values  derived  from 
the  onset  of  the  superconducting  transition  measured  by 
DC  SQUID  technique  on  single  crystals  with  various  n 
=  2-5  are  shown  in  Fig. 3  in  comparison  with  the 
literature  data  for  ceramic  samples  [5].  There  is  a 
relatively  good  agreement  for  n  —4,  for  n=5  the  T^  is 
higher,  however  for  n  =  2  and  3  the  T^  is  much  lower 
(for  n=2  due  to  strong  substitution  of  Y  for  Ca). 


Fig.2.  Single  crystal  of  HgPb-1234  phase  with 
characteristic  spiral-like  growth  steps. 


Single  Crystals  of  Hg-12  (n-l)n  and  Infinite  Layer-CaCu02 
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n  (number  of  CuO  layers) 

Fig.  3.  values  of  single  crystals  with  various  n  in 
comparison  with  the  literature  data  for  ceramic  samples. 

The  composition  of  our  crystals  determined  by 
microprobe  measurements  were  for  n=4: 

+  n  =  5: 

fIgo.3P^0.3®^2C*4CU50,2  +  x>  0  =  2: 

Hgo  jPbo  jBa^Cao  jYo  5Cu20(j+^.  Unexpectedly  in  the  same 
batch  we  foimd  some  crystals  of  1245  and  1212  phase, 
but  only  1212  contains  large  amount  of  Y.  It  seems,  that 
the  solubility  of  Y  is  larger  in  1212  than  in  1234  or  1245 
crystals. 

3.  TRANSPORT  MEASUREMENTS. 

The  in-plane  resistance  was  measured  on 

HgogPbo  2Ca2Ba3Cu40,o^.,j  single  crystal  by  the  van 
derPauw  method.  The  crystal  was  contacted  at  the  edges 
in  such  a  way  that  the  current  flows  along  the  ab-plane 
and  the  magnetic  field  was  applied  parallel  to  the  c-axis. 
The  resistivity  as  a  function  of  temperature  is  shown  in 
the  Fig. 4.  The  crystal  has  an  onset  of  Te=  130  K.  The 
shape  of  q(T)  is  not  linear,  as  in  other  optimally  doped 
superconductors,  but  has  a  downward  curvature  which  is 
typical  for  underdoped  cuprates.  The  linearity  is  reached 
at  temperatures  above  300  K.  Similar  results  have  been 
recently  published  on  Hg-1223  crystals  [6,7].  Although, 
according  to  the  authors  of  ref.  [7]  these  are  multiphase 
crystals  framed  by  a  majority  lattice  of  Hgl223. 

4.  CRYSTAL  GROWTH  OF  INFINITE  LAYER- 
CaCu02. 

The  infinite  layer  compound-CaCuOj,  consists 
of  a  stack  of  CuO^  planes  separated  by  Ca  atoms.  It  has 
the  simplest  crystallographic  structure,  superconducting 
cuprate  and  is  the  best  candidate  for  study  of  the  origin 


T[K] 


Fig.4.  In-plane  resistivity  of  HgPb-1234  single  crystal 
vs.  temperature  [8]. 

of  high  T„  superconductivity. 

Until  now,  the  infinite  layer  samples  have  been 
synthesized  only  as  ceramics  which  prohibited 
performing  accurate  measurements  of  both  physical  and 
structural  properties.  Therefore,  there  is  a  general 
demand  for  single  crystals  of  these  materials.  We  have 
obtained  superconducting  CaCuOj  single  crystals  at 
similar  conditions  as  Hg-12(n-l)n  but  starting  from  a 
CaCuOj-BaCuOz-CuO  mixture.  We  have  stabilized  the 
CaCuOj  phase  without  Sr  or  Li  additives.  Our 
experimental  pressure  of  10  kbar  used  for  the  growth  of 
the  superconducting  infinite  layer  single  crystals 
compound  is  much  lower  than  50  kbar  reported  up  to 
now  as  necessary  for  the  synthesis  of  this  compound. 

5.  STRUCTURAL  INVESTIGATIONS. 

Crystals  of  Hgo.8Pbo.2Ba2Ca3Cu40,o+x. 
Hgo.sPbo  5Ba2Ca4CujO,2+x>  and  CaCu02  were  measured 
on  an  x-ray  four-circle  single  crystal  diffractometer  and 
the  crystal  structures  have  been  refined.  The  crystals  for 
x-ray  experiments  are  black,  rectangular  plates  with 
maximum  dimensions  of  0.5  x  0.5  x  0.03  mm^.  The 
main  face  is  always  (001),  and  the  a-axes  are  usually 
running  parallel  to  the  edges.  The  space  group  of  all  the 
crystals  is  P4/mmm.  The  crystals  were  examined  with  a 
Gandolfi  and  a  Buerger  precession  x-ray  single  crystal 
camera,  using  MoKa  radiation  (X  =  0.7107  A). 

Those  crystals  which  showed  diffraction 
patterns  with  sharp  reflections  and  without  traces  of 
twinning  or  macroscopic  intergrowth  were  selected  for 
diffractometer  measurements.  The  crystals  were 
measured  on  a  four-circle  single-crystal  diffractometer 
(Siemens  P4)  at  20  C,  using  graphite  monochromatized 
MoKa  radiation  (X  =  0.71073  A).  Intensity  profiles 
were  scatmed  in  the  to-20  mode  and  reflections  were 
collected  of  the  whole  Ewald  sphere  in  the  range  3°  < 
20  <  70°.  Intensity  data  were  corrected  for  Lorentz 
polarisation  effects,  and  analytical  absorption  corrections 


518 


Karpinski  et  al. 


were  applied.  Full-matrix  least-squares  refinements  of 
structural  parameters  (scaling  factor,  extinction,  position, 
occupation,  and  anisotropic  thermal  parameters)  were 
performed  with  weighted  structure  factors,  based  on  (F). 
No  reflections  have  been  excluded  for  the  refinements. 
All  structural  calculations  have  been  performed  with  the 
program  SHELXTL  [9]. 

The  lattice  parameters  of  Hgn  oPbn  ,Ba,Ca,Cu.O,n are  a 
=  b  =  3.8530(5)  A  and  c  =  18.968(3)  A  and  the 
crystal  structure  has  been  described  recently  [10].  The 
structure  corresponds  to  the  n=4  type  of  the  Hg-12(n- 
l)n  homologous  series  and  has  been  refined  to  R= 
0.026.  Lead  is  incorporated  at  the  Hg  site,  but  it  is 
shifted  slightly  from  the  origin  in  the  z  =  0  plane. 

A  reduction  of  electron  density  is  observed  at  the  Hg  site 
and  is  attributed  to  the  partial  substitution  by  Cu  or  CO3 
groups.  Stacking  faults  of  1223  or  1245  layers  are 
observed  by  TEM,  but  not  in  the  x-ray  diffraction 
patterns.  However,  they  introduce  additional  electron 
density  in  the  Fourier  maps  of  1234  and  it  was  possible 
to  refine  the  amount  of  stacking  faults  to  3.8  %. 
Unfortunately,  one  of  the  additional  electron  density 
peaks  is  very  close  to  the  excess  oxygen  0(4)  site  ('/4, 
'A,  0),  and  may  cause  a  wrong  determination  of  the 
excess  oxygen  content.  Without  taking  into  account  these 
stacking  faults  an  excess  oxygen  concentration  of  33  % 
is  refined;  after  correction  the  occupation  of  the  0(4)  site 
is  reduced  to  14  %. 

The  lattice  parameter  of  Hgo  jPbo  jBa2Ca4Cu50,2.2i  are 

Table  1.  Selected  bondlengths  and  distances  in  Hg-12(n- 
l)n  compounds. 


a  =  b  =  3.8529(3)  A  and  c  =  22.172(2)  A. 

It  represents  the  5-layer  member  of  the  Hg-12(n-l)n 
family  and  the  structural  features  are  very  similar  to 
those  of  Hgo  gPbo  2Ba2Ca3Cu40,o.i4.  The  crystal  contains 
3.9  %  stacking  faults  of  1234  or  1256  layers  and  the 
structure  has  been  refined  to  R  =  0.033. 

The  occupation  of  the  Hg  site  is  reduced  as  well,  due  to 
substitution.  HgPb-1245  contains  more  lead  than  HgPb- 
1234,  but  the  lead  atom  is  also  shifted  slightly  from  the 
Hg  position  in  the  origin.  This  is  in  agreement  with 
TEM  observations  in  HgPb-1223  material  [11]. 

The  CaCu02  infinite  layer  structure  has  lattice 
constants  a  =  b  =  3.8556(6)  A  and  c  =  3.1805(4)  A 
and  was  refined  to  R  =  0.027  [3].  The  structure 
corresponds  to  the  central  part  of  the  Hg-12(n-l)n 
structures  and  has  a  full  occupancy  of  all  atom  positions. 
The  bondlengths  are  in  agreement  with  those  of  the  other 
Hg-12(n-l)n  compounds  and  show  systematic  trends  with 
increasing  number  of  CuOj  planes.  The  buckling  of  the 
central  CUO2  planes  is  smaller  than  that  of  the  outer 
ones,  indicating  the  approach  to  the  ideal  CaCu02 
structure  (d^,,^  =  0)  in  the  central  part  of  1234  and 
1245.  Table  1  compares  the  results  Irom  x-ray  powder 
and  single  crystal  refinements  of  the  homologous  series 
[10-14].  Ba  moves  to  the  basal  plane,  expressed  by 
decreasing  Ba  -  Ba  and  Hg  -  Ba  distances.  The  apical 
oxygen  atom  is  shifted  away  from  Hg,  and,  therefore, 
the  Ba  -  O  bondlength  decreases,  too.  The  spacing 
between  the  CUO2  layers  increases  as  well,  and  even 
exceeds  that  of  the  pure  CaCu02  infinite  layer  compound 
with  c  =  3.1805(4)  A. 


Hg-1201 

[12] 

Kfe-1223 

[13] 

HgPb-1234 

[10] 

HgPb-1245 

[14] 

Hg  -  0  (Apex) 

1.950  A 

1.970  A 

1.975  A 

2.008  A 

2.031  A 

Ba  -  0  (Apex) 

2.880  A 

2.848  A 

2.837  A 

2.818  A 

2.809  A 

Hg  -  Ba 

3.941  A 

3.907  A 

3.879  A 

3.855  A 

3.847  A 

Ba  -  Ba 

5.662  A 

5.598  A 

5.538  A 

5.453  A 

5.432  A 

Cu  -  Cu 

- 

3.135  A 

3.156  A 

3.190  A 

3.188  A 
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Formation  and  Properties  of  Artificially-Layered 
SrCu02/BaCu02  Superconducting  Superlattices 

D.  P.  Norton,  B.  C.  Chakoumakos,  J.  D.  Budai,  J.  R.  Thompson,  and  D.  H.  Lowndes 


Pulsed-laser  deposition  is  used  to  synthesize  artificially-layered  high-temperature 
superconductors.  Using  the  constraint  of  epitaxy  to  stabilize  SrCu02/BaCu02  superlattices  in 
the  infinite  layer  structure,  novel  thin-film  compounds  are  formed  which  superconduct  at 
temperatures  as  high  as  70  K.  These  results  demonstrate  that  pulsed-laser  deposition  and 
epitaxial  stabilization  can  be  effectively  used  to  engineer  artificially-layered  thin-film 
superconducting  cuprate  materials. 


KEY  WORDS:  Pulsed-laser  deposition,  superconducting  materials,  infinite  layer,  superlattices, 
artificially -layered 


1.  INTRODUCTION 

Since  the  discovery  of  the  high-temperature 
superconductivity  (HTSc)  [1],  intensive  efforts  have 
revealed  numerous  families  of  layered  crystal 
structures  containing  copper  oxide  layers  [2],  with 
superconducting  transition  temperatures  as  high  as 
135  K  for  the  Hg-containing  cuprates  [3].  Typically, 
bulk  synthesis  techniques  have  been  the  primary 
tool  in  the  search  for  new  HTSc  materials. 
Recently,  high-pressure  synthesis  methods  have 
played  a  prominent  role  to  make  metastable  cuprate 
phases  [4-7].  However,  thin-film  growth  methods 
offer  unique  advantages  for  the  atomic  engineering 
of  new  HTSc  materials  through  the  ability  to  form 
artificially  layered  crystal  structures.  Moreover,  the 
surfaces  of  single-crystal  substrates  provide  an 
“atomic  template”  that  can  be  used  to  stabilize 
epitaxial  films  in  metastable  crystal  structures. 
Advances  in  the  understanding  of  epitaxial  thin-film 
growth  of  the  cuprates  have  heightened  interest  in 
the  possibility  of  creating  artificially  layered 
materials  [8-10].  A  prelude  to  developing 
artificially-layered  HTSc  materials  has  been  the 
epitaxial  stabilization  of  infinite  layer  (Ca,Sr)Cu02 
single-crystal  thin  films  [11-14].  The  infinite  layer 
(Ca,Sr)Cu02  structure  type,  consisting  of  square 
Cu02  layers  alternately  stacked  with  square  layers 
of  alkaline  earth  atoms,  can  be  viewed  as  a 
fundamental  building  unit  of  all  of  the  HTSc 
cuprates  [15].  Here,  we  report  the  synthesis  and 
properties  of  novel  artificially-layered  HTSc 
compounds  grown  as  SrCu02/BaCu02  crystalline 
superlattice  structures  [16]. 


2.  EXPERIMENTAL  RESULTS 

While  previous  efforts  to  grow  multilayered 
cuprate  structures  have  been  restricted  to 
sophisticated  MBE-like  apparatus  using  in  situ 
surface  analysis  techniques  [8,  17-19],  we  have 
formed  these  materials  simply  using  pulsed-laser 
deposition  (PLD).  By  sequentially  depositing  from 
BaCu02  (BCO)  and  SrCu02  (SCO)  ablation  targets 
in  a  PLD  system,  artificially-layered  crystalline 
materials  were  constructed  in  which  the  layering 
sequence  was  controlled  on  nearly  the  atomic-layer 
scale.  The  SrCu02  and  BaCu02  layers  are 
epitaxially  stabilized  in  the  infinite  layer  structure, 
and  form  the  building  blocks  for  the  compounds. 
Note  that  SrCu02  in  the  infinite  layer  structure  is  an 
insulator,  while  BaCu02  normally  does  not  form  the 
infinite  layer  structure,  even  by  high-pressure 
synthesis  techniques.  Utilizing  this  approach,  we 
have  synthesized  a  new  HTSc  series, 
Ba2+mSr„.iCu„+;„-H  02n+m+2+b^  with  TcConset) 
and  TcCresistance,  R=0)  as  high  as  70  K  and  50  K, 
respectively.  The  Ba2Sr„.i  Cun-i-i  02n+2-i-5  series, 
with  «  =  2,  3,  and  4,  is  structurally  analogous  to  the 
recently  discovered  CuBa2Cart-iCun  02n+2-i-S  high- 
pressure  HTSc  phase  [4-6],  and  is  obtained  by 
artificially-layering  two-unit  cells  of  BaCu02  and 
(n-1)  unit  cells  of  SrCu02  in  the  “infinite  layer” 
crystal  structure.  A  schematic  of  the  n  =  3  member 
is  shown  in  Fig.  1. 

The  films  were  prepared  on  (100)  SrTiOs 
substrates  utilizing  conventional  multi-target  PLD 
[11].  Polycrystalline,  orthorhombic  SrCu02  and 
cubic  BaCu02  ablation  targets  were  mounted  in  a 
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S  r  C  u  O2 
(2  unit  cells) 

BaCu02 
(2  unit  cells) 

S  r  C  u  O2 
(2  unit  cells) 

BaCu02 
(2  unit  ceils) 

SrCu02 
(2  unit  ceils) 


Fig.  1  Structural  model  of  a  2x2  SrCu02/BaCu02  superlattice 
compound,  also  designated  as  Ba2Sr2Cu408.^g,  The  Ba,  Sr,  and 
Cu  atoms  are  represented  by  the  large,  medium,  and  small  spheres, 
respectively.  The  CUO4  and  CUO5  units  are  shown  as  shaded 
polyhedra. 


multi-target  carousel.  The  SrCu02  target  was  made 
by  solid  state  reaction  of  high-purity  SrC03  and 
CuO  which  was  pressed  and  fired  at  1025'C. 
Powder  x-ray  diffraction  confirmed  complete 
decomposition  of  the  carbonates.  The  BaCu02 
target  was  prepared  using  high-purity  BaCu02 
powder.  (100)  SrTi03  substrates  were  cleaned  with 
solvents  prior  to  being  mounted  with  silver  paint  on 
the  substrate  heater.  The  KrF  excimer  laser  ablation 
beam  was  focused  to  a  1  cm  horizontal  line  and 
vertically  scanned  over  the  targets  to  improve  film 
thickness  uniformity.  The  focused  laser  energy 
density  was  approximately  2  J/cm^,  and  the 
substrates,  heated  to  600°C,  were  placed  10  cm 
from  the  ablation  targets.  Film  growth  was  carried 
out  in  200  mTorr  of  oxygen. 

Before  growing  the  layered  structures,  a  9.0  nm 
thick  SrCu02  buffer  layer  was  grown  to  initiate 
epitaxial  growth  of  the  infinite  layer  structure.  The 
average  film  growth  rates  were  0.3  A/sec  for  SrCu02 
and  0.43  A/sec  for  BaCu02  in  the  infinite  layer 
structure.  The  SrCu02/BaCu02  superlattices  were 


grown  by  alternative  ablation  from  SrCu02  and 
BaCu02  targets  for  a  pre-determined  number  of 
laser  shots.  The  SrCu02  and  BaCu02  l^yer 
thicknesses  were  controlled  by  counting  laser 
pulses,  with  the  growth  rate  per  laser  shot  calibrated 
from  thickness  measurements  of  SrCu02  films,  and 
from  the  subsequent  x-ray  diffraction  patterns  of 
SrCu02/BaCu02  superlattice  structures.  Total  film 
thickness  varied  from  90  to  120  nm,  corresponding 
to  60  or  more  superlattice  periods.  After  deposition, 
the  films  were  cooled  at  ~80°C/min  in  200  mTorr  of 
oxygen,  with  the  pressure  increased  to  760  Torr  at 
375“C. 

These  materials,  fabricated  by  alternative 
ablation  of  SrCu02  and  BaCu02  targets,  can  be 
nominally  described  either  as 
B a2+m S r^- 1 C u^+^  + 1 0 2n+m-t-2+5>  OT  as  NxM 
SrCu02/BaCu02  superlattices,  where  N  and  M  are 
the  number  of  infinite  layer  SrCu02  and  BaCu02 
unit  cells,  respectively,  per  superlattice  period.  The 
accurate  formation  of  any  artificially-layered  phase 
depends  on  the  precision  with  which  growth  of  the 
constituent  BaCu02  and  SrCu02  layers  can  be 
controlled.  X-ray  diffraction  patterns  give  a  direct 
measure  of  the  accuracy  of  the  artificially-layered 
growth  scheme  in  producing  the  intended  structure. 
A  x-ray  diffraction  pattern  for  a  2x2 
SrCu02/BaCu02  superlattice  is  shown  in  Fig.  2. 
The  corresponding  schematic  of  the  ideal  atomic 
arrangement  for  this  structure  is  shown  in  Fig.  1. 
The  solid  arrows  indicate  diffraction  peaks  from  the 
artificially-layered  compounds,  while  the  asterisks 
designate  peaks  from  the  SrCu02  buffer  layer.  The 
vertical  dashed  lines  show  the  expected  locations  of 
the  (001)  peaks  for  an  ideal  artificially-layered 
Ba2Sr2Cu408+5  structure.  The  diffraction  patterns 
clearly  indicate  the  presence  of  mulitlayer 
modulation  along  the  c-axis.  While  the  diffraction 
peaks  are  close  to  the  ideal  (001)  locations,  some  of 
the  peak  intensities  are  weaker  than  that  predicted 
from  structure  calculations  with  slight  deviations  or 
splitting  of  some  of  the  peaks  about  the  expected 
peak  locations.  The  deviations  observed  in  the  peak 
locations  indicate  that  the  chemical  modulation  is 
slightly  incommensurate  with  the  structural 
modulation.  The  fact  that  the  peak  intensities  are 
somewhat  weaker  than  expected  indicates  the 
presence  of  Ba/Sr  disorder.  Since  these  thin  films 
were  formed  as  artificially-layered  superlattices  by 
sequentially  depositing  SrCu02  and  BaCu02  layers, 
it  is  reasonable  to  assume  that  much  of  this  disorder 
originates  from  substrate  surface  roughness  and 
slight  inaccuracies  in  the  deposition  rates.  The 
x-ray  diffraction  pattern  gives  a  c-axis  lattice 
constant  of  the  structural  periodicity  15.7  A,  while 
the  chemical  periodicity  for  the  same  structure  is 
17.7  A.  Four-circle  x-ray  diffraction  data  show  these 
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Fig.  2  X-ray  diffraction  pattern  (Cu  Ka  radiation)  for  a 
Ba2Sr2Cu40g.^5  structure.  The  dashed  lines  indicate  the  nominal 
locations  of  the  (001)  peaks,  while  the  solid  arrows  indicate 
diffraction  peaks  due  to  the  artificially-layered  structure. 


Fig.  3  Resistivity  plotted  as  a  function  of  temperature  for  the 
n  =  2,  3,  and  4  members  of  the  Ba2Sr„,iCu„.|.l02n+2+5  series,  as 
well  as  for  the  3.2  nm/4.0  nm  SrCu02/BaCu02  multilayer  structure. 


structures  to  be  tetragonal  with  in-plane  lattice 
constants  of  3.9  A,  thus  matching  the  lattice 
constant  for  the  SrTiOs  substrates. 

In  these  artificially-layered  structures,  the 
SrCu02  and  BaCu02  sub-units  could  have  the  ideal 
infinite  layer  structure  consisting  of  four-fold 
coordinated  Cu02  planes  separated  by  oxygen-free 
alkaline  earth  (Sr  or  Ba)  layers,  with  no  apical 
oxygen  for  any  of  the  copper  atoms.  However,  this 
seems  unlikely  as  all  of  the  hole-doped 
superconductors  have  apical  oxygen  on  at  least 
some  of  the  copper  atoms,  and  thermoelecuic  power 
measurements  indicate  that  these  materials  are  hole 
conductors  [20].  The  more  reasonable  possibility  is 
for  the  Ba  planes  to  contain  some  oxygen  thus 
creating  apical  oxygen  and  increasing  the  Cu 
coordination.  The  schematic  of  the  Ba2Sr2Cu408+5 
structure  shown  in  Fig.  1  assumes  this  to  be  true.  It 
is  not  clear,  however,  whether  oxygen  on  the  Ba 
planes  resides  there  at  the  expense  of  oxygen  on 
specific  Cu  planes. 

Figure  3  shows  the  resistivity  for  the  n  -2,3, 
and  4  members  of  Ba2Sr„.iCu„+i02n-i-2-)-5-  The 
n  =  2  member  has  the  highest  superconducting 
transition  temperature  with  TcConset)  =  70  K  and  Tq 
(R=0)  =  50  K.  The  n  =  3  member  has  Tq  (onset)  = 
60  K,  Tc(R=0)  =  40  K,  and  the  «  =  4  member  has 
Tc  (onset)  =  40  K  and  Tc (R=0)  =  20  K.  The 
measurement  current  density  used  was  ~50  A/cm^. 
Thus  far,  only  modest  attempts  have  been  made  to 
optimize  the  superconducting  properties  of  these 
materials.  These  films  are  quite  stable  over  time  if 
stored  in  a  dry  ambient. 

In  addition  to  the  NxM  SrCu02/BaCu02 
superlattices  with  small  values  for  N  and  M,  we 


have  attempted  to  synthesize  relatively  thick 
BaCu02  layers  in  the  infinite  layer  structure. 
Previous  attempts  to  grow  thick  films  of  BaCu02  in 
the  infinite  layer  structure  have  been  unsuccessful. 
However,  we  have  stabilized  ~40  A  thick  BaCu02 
layers  in  the  infinite  layer  structure  within  32A/40A 
SrCu02/BaCu02  multilayers.  The  resistivity  for  this 
structure  also  is  shown  in  Fig.  3.  This  film  has  a 
strongly  metallic  resistivity  with  a  superconducting 
onset  near  70  K.  The  non-zero  resistivity  observed 
for  T  <  50  K  is  presumably  due  to  the  electrically 
insulating  32  A-thick  SrCu02  cap  layer  that  was 
grown  to  protect  the  BaCu02  layers  from 
degradation.  Significant  positive  magnetoresistance 
is  observed  for  T  <  70  K,  which  is  consistent  with 
superconductivity.  DC  magnetometry  revealed  the 
presence  of  quasi-static  persistent  currents  with  a 
magnetization  that  was  hysteretic  in  low  magnetic 
fields.  From  the  magnitude  of  the  hysteresis  for 
increasing  versus  decreasing  field  history,  we 
estimate,  based  on  the  Bean  critical  state  model 
[21],  that  the  circulating  critical  current  density  is 
-2x10^  A/cm^  at  5  K.  These  classical 
superconductive  features  document  the  fact  that  this 
multilayer  structure  superconducts  over  large  areas. 
The  magnetic  signal  disappeared  near  36  K, 
somewhat  below  the  R=0  point,  due  to  the  stringent 
criterion  that  there  be  well  connected  macroscopic 
paths  for  circulating  currents.  Thus,  it  appears  that 
BaCu02,  epitaxially-stabilized  in  the  infinite  layer 
structure,  superconducts.  Unfortunately,  we  were 
not  able  to  determine  if  oxygen  ordering  resulted  in 
BaCu02,  or  Ba2Cu204  (inequivalent  Cu  sites).  We 
were  able  to  determine  the  c-axis  lattice  spacing 
from  the  (001)  and  (002)  x-ray  diffraction  peaks  due 
to  the  relatively  thick  infinite  layer  BaCu02. 
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Fig.  4  X-ray  diffraction  pattern  for  the  3.2  nm/4.0  nm 
SiCu02/BaCu02  multilayer  structure.  The  peaks  due  to  the  infinite 
layer  BaCu02  and  SrCu02  layers  are  indicated.  Adjacent  satellite 
peaks,  designated  by  (o)  and  (*),  are  due  to  the  multilayer 
modulation. 


Figure  4  shows  the  x-ray  diffraction  pattern  for  this 
structure,  indicating  that  the  c-axis  lattice  spacing 
of  the  BaCu02  layers  is  4.2  A.  The  adjacent  peaks 
at  slightly  lower  angle  are  satellite  peaks  due  to  the 
SrCu02/BaCu02  multilayer  modulation. 

Note  that  the  n=l  member  of  the 
Ba2Sr„.iCuM+i02n-f2-t-5  series  apparently  has  a 
value  of  which  is  as  high  or  higher  than  the  n  >  1 
members.  This  behavior  differs  from  that  observed 
for  other  HTSc  series,  in  which  increases  as  n 
increases.  One  possible  explanation  is  that  these 
Ba2Sr„.iCuM+i02n-(-2+5  films  are  not  optimally 
doped,  with  an  increase  in  possible  with  an 
increase  or  reduction  in  the  hole  carrier  density. 
Another  possibility  is  that  the  use  of  Sr  to  separate 
the  Cu02  planes  inhibits  the  transfer  of  charge  from 
the  Ba2Cu204  layer  into  the  SrCu02  layers.  This 
latter  scenario  would  mean  that  the  superconducting 
transitions  observed  for  all  of  these  structures  is  due 
primarily  to  the  Ba2Cu204  layers,  with  little 
coupling  in  the  Cu02  planes  adjacent  to  the  Sr 
atoms.  In  fact,  this  interpretation  is  somewhat 
consistent  with  the  observed  behavior  for 
YBa2Cu307/PrBa2Cu307  superlattices,  where  Tq 
decreases  as  the  nonsuperconducting  PrBa2Cu307 
layer  thickness  increases  [22-24].  It  also  suggests 
that  replacing  Sr  with  Ca  may  increase  charge 
transfer  into  adjacent  Cu02  planes  and  increase  Tq- 
Additional  experiments  are  necessary  in  order  to 
fully  understand  the  properties  of  these  structures. 
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Superconductivity  has  long  been  spteculated  to  result  from  charge  carriers  paired  as  mobile 
charged  bosons.  Although  the  pairing  of  carriers  as  small  (single-site)  bipolarons  is  known, 
small  bipolarons  readily  localize.  By  contrast,  large  (multi-site)  bipolarons,  in  analogy  with 
large  ptolarons,  should  be  mobile.  It  is  shown  that  large  bipolarons  can  form  in  solids  with 
very  displaceable  ions,  e.g.,  many  oxides.  Large-polaronic  (but  not  small-polaronic)  carriers 
produce  absorption  spectra  like  the  carrier-induced  absorptions  observed  in  cuprates. 
Redistribution  of  the  self-trapped  carriers  of  large  bipolarons  among  sites  of  carriers’ 
molecular  orbitals  in  response  to  atomic  motions  lowers  phonon  frequencies.  The  dependence 
of  the  phonon  zero-jwint  energy  on  the  spatial  distribution  of  large  bipolarons  produces  a 
phonon-mediated  attraction  between  them.  This  dynamic  quantum-mechanical  attraction 
fosters  the  condensation  of  large  bipolarons  into  a  liquid.  Superconductivity  can  result  when 
the  large-bipolarons'  groundstate  remains  liquid  rather  than  solidifying. 

KEY  WORDS:  Bipolarons,  intra-red  absorption,  mobility,  liquid,  superconductivity 


1.  INTRODUCTION 

Superconductivity  is  defined  by  three 
properties.  First,  supercurrents  flow  without 
resistance.  Second,  superconducting  carriers’  orbital 
paramagnetism  is  suppressed:  the  Meissner  effect. 
Third,  supercurrents  carry  no  entropy.  These  properties 
are  analogous  to  the  three  properties  that  define  the 
superfluidity  of  liquid  “He:  resistanceless,  irrotational 
and  entropyless  flow.  In  both  cases  superflow  requires 
that  the  carriers’  groundstates  remain  fluid.  However, 
interactions  between  carriers  must  also  make  the 
groundstate  “rigid”  enough  to  resist  perturbations  that 
would  otherwise  produce  rotational  flow  and 
dissipation.  Particles’  zero-point  motions  enable  these 
groundstates  to  retain  their  fluidity. 

The  quantum  fluids  responsible  fw 
superconductivity  and  superfluidity  are  not  necessarily 
similar  to  one  another.  However  for  half  a  century  it 
has  been  wondered  whether  superconductivity  can  result 
from  a  quantum  fluid  of  mobile  charged  bosons 
comprising  spatially  distinct  pairs  of  carriers. 

Distinct  pairs  can  only  exist  if  the  carrier 
density  is  small  enough  so  that  pairs  do  not  overlap 
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with  one  another.  Superconductivity  of  distinct  pairs 
thus  requires  carrier  densities  that  are  much  lower  than 
those  of  conventional  metals.  However,  doped  oxide- 
insulators’  superconductivity  often  appears  to  occur  at 
low  enough  carrier  densities  to  be  compatible  with 
having  distinct  pairs.  In  addition,  comparisons  of 
electronic  and  magnetic  measurements  indicate  that  at 
least  immobile  (hopping-type)  charge  carriCTS  pair  as 
singlet  small  bipolarons  in  many  semiconducting 
oxides.  This  paper  briefly  reviews  how  mobile  pairs, 
large  bipolarons,  can  form,  be  identified,  and  can 
condense  to  a  liquid  like  that  of  superfluid  “He. 
Relevant  references  are  given  in  three  primary  works  [1- 
3]  and  a  recent  review  [4]. 

2.  PRELIMINARIES 

2.1  Polaron  Formation 

Theories  of  polaron  and  bipolaron  formation 
have  their  genesis  in  Landau’s  notion  of  self-trapping. 
In  particular,  Landau  noted  that  an  electronic  carrier  can 
be  bound  in  a  potential  well  produced  by  displacing 
atoms  from  their  carrier-free  equilibrium  positions.  He 
also  observed  that  the  reduction  of  a  carrier’s  energy 
resulting  from  its  being  bound  in  such  a  well  can 
exceed  the  strain  energy  required  to  produce  the 
potential  well.  The  carrier  is  then  said  to  be  self- 
trapped:  the  formation  of  the  potential  well  that  traps 
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the  carrier  is  stabilized  by  the  carrier  being  bound  in  it. 
Because  self-trapping  was  envisioned  to  occur  in  polar 
(ionic)  systems,  the  quasiparticle  comprising  the  self- 
trapped  electronic  carrier  and  the  atomic  displacement 
pattern  within  which  it  is  bound  came  to  be  called  a 
polaron.  With  two  carriers  bound  in  a  common 
potential  well,  the  quasiparticle  is  termed  a  bipolaron. 

In  what  follows  I  will  presume  that  self-trapped 
carriCTS  always  adjust  to  instantaneous  atomic 
positions.  Then  the  motions  of  these  self-trapped 
carriers  are  determined  by  the  motions  of  atoms.  In 
this  (adiabatic)  approach  a  carrier’s  presence  alters  the 
atomic  equilibrium  positions  and  stiffnesses  in  its 
surroundings.  This  domain,  also  termed  the  strong- 
coupling  regime,  is  valid  when  the  binding  energies  of 
self-trapped  carriers  exceed  characteristic  phonon 
energies  [1-4].  As  will  be  seen  later,  analyses  of  carrier- 
induced  absorption  spectra  in  cuprates  appear  to  validate 
use  of  the  adiabatic  theory. 

Self-trapping  is  a  nonlinear  phenomena:  the 
depth  and  shape  of  the  potential  well  that  binds  the 
carriCT  depends  on  its  wavefunction.  As  the  carrier’s 
wavefunction  is  increasingly  confined,  the  potential 
well  that  the  carrier  stabilizes  becomes  increasingly 
deep.  The  size  of  an  adiabatic  polaron  is  found  to  be 
sensitive  to  the  dimensionality  of  electronic  motion  and 
to  details  of  the  electron-lattice  interaction. 

An  electron-lattice  interaction  is  short-ranged 
when,  as  in  covalent  solids,  an  atomic  displacement 
only  affects  the  electronic  potential  in  its  immediate 
vicinity.  A  long-ranged  electron-lattice  interaction 
occurs  in  ionic  solids,  where,  through  Coulomb 
interactions,  an  ionic  displacement  alters  the  electronic 
potential  far  from  the  displaced  ion. 

A  scaling  argument  facilitates  determining  how 
the  range  of  the  electron-lattice  interaction  affects 
polaron  formation  [1,4],  A  polaron  can  exist  stably 
when  E(R),  its  energy  as  a  function  of  its  radius,  R, 
measured  in  units  of  the  lattice  constant,  is  a 
minimum. 

For  a  carrier  in  a  deformable  continuum  with  a 
short-range  electron-lattice  interaction: 

E(R)  =  W/2R^  -  Eb/R^  (1) 

where  W  is  the  carrier’s  electronic  bandwidth,  d  is  the 
electronic  dimensionality,  and  Eb  is  the  binding  energy 
of  a  polaron  when  its  self-trapped  carriCT  is  confined  to 
a  single  site,  R  =  1.  In  a  multidimensional  electronic 
system  [d  =  2  or  3]  with  a  short-range  electron-lattice 


interaction,  E(R)  cannot  have  a  large-radius  bound-state: 
an  E(R)  <  0  minimum  at  R  >  1.  Only  a  single-site,  R 
=  1,  polaron  is  possible.  This  “small”  polaron’s 
energetic  stability  requires  Eb  >  W/2. 

For  a  carrier  embedded  in  a  three-dimensional 
medium  of  displaceable  ions  [1,4]: 

E(R)  =  W/2R^  -  U[l/E,  -  l/eo]/2R,  (2) 

where  U  is  an  on-site  Coulomb  energy;  e...  and  Eq  are 
the  medium’s  high-frequency  (optical)  and  static 
dielectric  constants,  respectively.  This  functional  has 
its  minimum  at  R  =  2WAJ[l/e„  -  I/Eo]-  Thus,  unlike 
short-range  interactions,  this  long-range  electron-lattice 
interaction  permits  formation  of  “large”  (R  >  1) 
polarons. 

Small-polaron  formation  in  well-ordraed  solids 
requires  very  narrow  electronic  energy  bands.  Large 
polarons,  however,  form  in  broad-band  ionic  solids. 

2.2  Polaron  Motion 

An  adiabatic  large  polaron  is  generally  viewed  as 
moving  freely,  albeit  slowly,  with  a  large  effective 
mass  [1,4].  This  ffee-carrier-like  motion  occurs 
because  the  binding  energy  of  a  large  polaron’s  self- 
tr^ped  carrier,  -3E(R)  evaluated  at  the  R  >  1 
minimum,  is  generally  much  less  than  W.  Since  the 
energy  of  a  large-polaron’s  self-trapped  carrier  is  only 
fractionally  changed  as  the  large  polaron  moves 
between  adjacent  sites,  these  energy  changes  are  also 
very  much  less  than  W.  Therefore,  a  large  polaron 
moves  “coherently.” 

By  contrast,  small  polarons  move  by  hopping 
[1,4].  Specifically,  as  a  small-polaron ’s  self-trajped 
carrier  moves  between  sites  by  following  the  classical 
motion  of  atoms,  the  energy  change  is  at  least 
comparable  to  W.  Such  motion  is  thus  “incoherent.”  It 
is  usually  described  as  proceeding  by  a  succession  of 
thermally  assisted  hops  between  localized  states 
centered  at  adjacent  small-polaron  sites. 

In  principle,  small  polarons  can  also  move  by  a 
process  in  which  atoms  tunnel  directly  between 
groundstate  configurations  associated  with  a  small 
polaron  being  located  at  adjacent  sites.  Since  such 
motion  requires  significant  atomic  tunneling,  the  width 
of  the  associated  energy  band,  the  “small-polaron  band,” 
is  always  very  narrow,  less  than  the  characteristic 
phonon  energy.  The  disorder  present  in  even  a  good 
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crystal  generally  suppresses  this  type  of  coherent 
motion  [1,4], 

3.  LARGE-BIPOLARON  FORMATION 

For  a  condensate  of  bipolarons  to  be 
superconducting,  it  must  be  able  to  flow.  Thus,  its 
individual  quasiparticles  must  move  coherently.  The 
motion  of  a  large  bipolaron,  like  that  of  a  large 
polaron,  is  expected  to  be  coherent. 

Consider  a  situation  that  may  be  direcdy 
applicable  to  cuprates:  a  bipolaron  confined  to  a 
covalently  bonded  plane  embedded  within  an  ionic 
medium.  Then,  the  energy  functional  for  two 
uncorrelated  carriers  in  a  common  groundstate  of 
reduced  radius  R  is  [1,4]: 

Ej(R)  =  W/R"  -  2U[l/e.  -  l/e^]fR 

-  4EJR.^  +  U/e..R 

=  (W-4Eb)/R"-[l/e.-2/eo]U/R.  (3) 

Equation  (3)  is  obtained  by  noting  that  having  two 
such  carriers  doubles  the  net  confinement  energy  and 
each  of  the  two  carrier’s  polaronic  energy  reduction 
while  also  introducing  an  intercarrier  Coulomb 
repulsion.  Rearranging  terms  to  obtain  Eq.  (3)’s 
second  equality  shows  that  a  large-bipolaron  bound 
state  is  only  possible  if  Eq  >  2e..,.  However,  Eq.  (3)’s 
finite-radius  minimum  collapses  to  give  a  small 
bipolaron  if  4Ei  >  W. 

To  determine  when  a  large  planar  bipolaron  is 
stable  with  respect  to  dissociation  into  two  planar  large 
polarons,  EjCR)  is  expressed  in  terms  of  their  two- 
polaron  energy  functional: 

2Ei(R)  =  W/R^  -  U[l/e„  -  l/ed/R  -  2Eb/Rl  (4) 
After  some  algebraic  manipulation  one  has: 

Ei(R)  =  2E,(R)  -  2E^='  -i-  U/e^R.  (5) 

Thus,  without  the  short-range  electron-lattice 
interaction,  Eb  =  0,  this  type  of  large  bipolaron  is 
unstable  with  respect  to  dissociation  into  two  separate 
large  polarons.  However,  comparison  of  the  energy 
minima  of  Eqs.  (3)  and  (4)  shows  that  a  short-range 
electron-lattice  interaction  can  stabilize  the  large 
bipolaron  if  4EJW  >  [4eo/e,.  -  6]/[(eo/eJ"  -  2]. 
However,  a  large  bipolaron  can  only  form  if  the  short- 
range  interaction  is  less  than  that  of  the  small- 
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bipolaron  collapse,  1  >  4Eb/W.  The  unusually  large 
values  of  in  cuprates  (>  20)  make  these  materials 
prime  candidates  for  stable  large-bipolaron  formation 

[1.4] . 

4.  PROPERTIES  OF  LARGE  BIPOLARONS 

The  absorption  spectra  of  self-trapped  carrim 
arise  from  their  excitation  from  their  groundstates.  Our 
large  bipolaron’s  self-trapped  carriers  have  absorption 
spectra  that  are  similar  in  shape  to  those  of  shallow 
impurities.  In  particular,  as  photon  energy  is  increased 
above  the  photoionization  threshold  (the  binding  energy 
of  the  self-trapped  carrier),  absorption  intensity  first 
rises  rapidly  and  then  falls  slowly  as  the  kniized 
carrier’s  deBroglie  wavelength  drops  below  the  self- 
trapped  state’s  radius.  The  highly  skewed  carria-- 
induced  absorption  spectra  observed  in  cuprates  are  like 
those  calculated  for  adiabatic  large-polaronic  carriCTS 

[2.4] .  Furthermore,  application  of  the  adiabatic 
(strong-coupling)  approach  is  validated  by  the 
absorption  thresholds  in  cuprates  exceeding  phonon 
energies.  By  contrast,  small-polaronic  carriers  have 
absorption  spectra,  like  those  of  F-centers,  whose 
shapes  diffo*  qualitatively  from  those  observed  in 
cuprates  [2,4]. 

Motion  of  adiabatic  large  polaronic  carriers 
requires  motion  of  the  atoms  producing  the  self¬ 
trapping.  As  a  result,  the  transport  effective  mass  of  a 
large-polaronic  carrier,  mj,,  is  much  larger  than  the  fifee- 
electron  mass.  The  adiabatic  large-polaronic  effective 
mass  is  essentially  the  large-polaronic  binding  energy 
divided  by  the  square  of  the  product  of  a  characteristic 
vibrational  frequency  and  the  radius  of  the  self-trapped 
state,  Rp:  mp  =  Ep/(toRp)^  [1,2,4].  Such  masses  ate 
typically  several  hundred  electron  masses.  However, 
since  the  mass  enhancement  arises  from  atomic 
motion,  it  is  only  observable  with  measurements 
performed  below  vibrational  frequencies.  The  large 
mass  and  size  of  a  large-polaronic  carriCT  limit  its 
maximum  kinetic  energy,  its  “bandwidth,”  to  a  very 
small  value  [2]: 

Wu.  =  (H  /Rp)Vmp  =  (H  o))^/Ep  <  H  co.  (6) 

As  the  atoms  associated  with  an  adiabatic  large- 
bipolaron  alter  their  positions,  the  self-trapped  charge  is 
shifted  between  atomic  sites.  This  redistribution  of 
charge  lowers  the  system’s  energy  and  thereby  reduces 
the  lattice  stiffness  in  a  bipolaron’s  vicinity.  This 
effect  provides  an  interaction  between  large-polaronic 
carriers  and  phonons  via  which  they  scatter  one  anotho- 

[1.2.4] ,  The  scattering  is  strongest  for  phonon 
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wavevectors  =  1/Rp.  With  sufficient  vibrational 
dispersion,  one  pictures  a  “heavy”  large-polaronic 
carriCT  being  slowed  as  relatively  “light”  phonons  are 
reflected  from  it.  In  this  situation,  a  carrier’s  relaxation 
rate  is  slow,  varying  inversely  with  mp.  Notably,  the 
large  effective  mass  and  long  scattering  time  offset  one 
another  to  give  large-polaronic  mobilities  that,  while 
somewhat  smaller,  are  comparable  to  those  of  some 
nonpolaronic  carriers. 

Large-polaronic  carriers  can  be  identified  by  their 
absorption  spectra,  large  low-fiequency  transport 
effective  masses  and  long  scattering  times.  Singlet 
bipolarons  are  most  easily  distinguished  from  polarons 
by  their  lack  of  spin.  For  example,  bipolarons’ 
Seebeck  coefficients  lack  the  magnetic-field 
dependencies  that  arise  from  carriers  with  spin  degrees 
of  fi-eedom.  While  these  features  may  find 
nonpolaronic  interpretations,  they  are  all  observed  in 
the  cuprates  [1,2,4]. 

5.  LARGE-BIPOLARONIC  LIQUID 

Intercarrier  interactions  are  required  to  produce  a 
superconducting  condensate’s  rigidity.  There  are  three 
principal  interactions  between  large  singlet  bipolarons 
[3,4].  First,  singlet  bipolarons  repel  one  another 
strongly  at  short-range  because  the  Pauli  principle 
permits  only  two  fermions  to  occupy  the  groundstate  of 
a  self-trapping  well.  Second,  while  Coulomb 
repulsions  between  bipolarons  exist,  their  strengths  are 
significandy  reduced  in  materials  that  support  our  large 
bipolarons  because  these  solids  have  very  large  static 
dielectric  constants.  Third,  an  intermediate-range 
phonon-mediated  attraction  occurs  between  large 
bipolarons  because  the  lattice  softenings  they  produce 
lower  phonon  energies  more  effectively  as  inter- 
bipolaron  separations  fall  below  phonons*  wavelengths. 
Reducing  phonon  frequencies  lowers  a  solid’s  low- 
temperature  vibrational  energy  [3,4].  This  attractive 
interaction  is  roughly  equal  to  -  H  (o(  Rp/s)"*  for  s  >  Rp, 
where  Rp  is  the  radius  of  the  self-trapped  state  and  s  is 
the  separation  between  large  bipolarons  [3].  The 
proportionality  of  this  attraction  interaction  to  H  and  (O 
manifests  both  its  quantum  and  dynamic  characters. 

The  very  large  static  dielectric  constants  of 
cuprates  suppress  the  long-range  Coulomb  repulsion 
between  large  bipolarons.  As  a  result,  large-bipolarons 


in  cuprates  would  primarily  experience  both  a  ‘liard- 
core”  repulsion  and  an  intermediate-range  “phonon- 
mediated”  attraction.  Thus,  a  minimum  of  the 
interaction  energy  between  a  pair  of  large  bipolarons 
occurs  at  a  finite  separation  between  them.  In  this 
situation,  a  gas  of  large  bipolarons  will  condense  into  a 
liquid  as  the  temperature  is  reduced  [3,4].  Indeed, 
several  experiments  suggest  that  photoinduced  carriers 
in  the  insulating  parents  of  cuprate  superconductors 
condense  into  liquid  droplets. 

A  liquid  of  large  bipolarons  would  be  analogous 
to  superfluid  liquid  ‘*He  if  its  groundstate  remains  liquid 
rather  than  solidifying.  Liquidity  can  only  be 
maintained  through  its  quasiparticles’  zero-point 
motion.  Incommensurability  of  large  bipolarons  with 
the  underlying  lattice  should  also  impede  their 
solidification  [3,4]. 

Several  experimental  findings  are  at  least 
consistent  with  the  cuprates’  superconducting 
condensate  being  a  large-bipolaron  liquid.  The 
observation  that  carriers  in  defied  LaiNiO^  condense 
into  a  polaronic  solid  rather  than  into  a  superconductor 
is  consistent  with  nickelate  carriers’  effective  masses 
exceeding  those  of  cuprates.  Larger  effective  masses  are 
implied  by  the  nickelates’  carrier-induced  absorption 
spectra  being  higher-energy  versions  of  cuprates’ 
spectra.  Loss  of  superconductivity  when  La2Cu04’s  are 
doped  to  give  one  hole  per  eight  unit  cells  is  consistent 
with  bipolarons  ordering  as  a  4x4  superlattice  on  the 
underlying  tetragonal  structure. 
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Local  Polarizability,  Structure,  and  Charge-Transfer  in 
High-Tc  Superconductors 
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Using  2-band  Peierls-Hubbard  cluster  and  chain  models,  we  illustrate  the  importance  of 
polarizability  and  coupled  charge-lattice-spin  effects  in  complex  electronic  materials. 


KEY  WORDS:  Polarizability,  polarons,  charge-transfer. 


I.  INTRODUCTION 

It  is  by  now  experimentally  clear  [1,2]  that  HTC 
materials  share  with  other  mixed-valence  perovskites  the 
properties  of  competing  interactions  (electron-electron, 
electron-lattice,  dimensionality)  that  make  that  whole  class 
so  rich  in  terms  of  ground  states  (ferroelectric,  magnetic, 
disproportionation,  complex  structural  transitions,  etc.). 
While  this  has  been  appreciated  for  perovskites  in  a  broad 
sense  for  many  years,  the  development  of  refined  experi¬ 
mental  capabilities  (neutron  scattering,  XAFS,  NQR,  ion¬ 
channeling,  etc.)  and  the  intense  focus  on  HTC  materials, 
have  demonstrated  [  1 ,2]  (a)  completely  new  details  of  local 
structural  variations  in  the  form  of  “fine-scale  structure” 
-  various  deformations  of  perovskites  units  on  one  to  a 
few  bond-length  scales  -  and  (b)  their  close  correlation 
with  optical,  magnetic  and  superconducting  degrees-of- 
freedom  {e.g.,  Tc  and  T*  in  typical  layered  cuprate  HTC 
compounds  [2b]). 

Several  important  lessons  now  seem  reasonable:  (1) 
Fine-scale  “texture”  is  likely  to  be  intrinsic  to  HTC  materi¬ 
als  and  related  martensitic  and  elastic  materials,  including 
traditional  perovskite  (anti)ferroelectrics  (SrTiOa,  etc.); 

(2)  The  texture  is  composed  of  various  in-plane  and  out- 
of-plane  (c-axis)  distortions  (buckling,  tilting,  stretching) 
of  the  perovskite  units  (beyond  a  single  “order  param¬ 
eter”)  and  different  experiments  probe  different  aspects; 

(3)  The  texture  is  an  intrinsic  result  of  coupled  and/or 
competing  degrees  of  freedom.  It  can  have  static  and 
dynamic  components  and  feeds  hierarchically  into  longer 
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length  scales  (tweed,  twinning,  domain,  etc.)  [3];  (4)  We 
need  to  understand  the  microscopic  driving  forces  for  fine- 
scale  (mesoscopic)  textures  and  their  relationship  to  tex¬ 
tures  and  macroscopic  properties  (superconducting,  elas¬ 
tic,  etc.).  The  notion  that  intrinsic  structure  controls  func¬ 
tion  is  an  emerging  theme  in  many  complex  electronic 
materials  -  conducting  polymers,  shape-memory  alloys, 
giant  magnetoresistance  materials,  etc.;  (5)  Charge,  spin, 
and  lattice  degrees-of-ffeedom  are  strongly  coupled  on  the 
fine-scales.  Adiabatic  (slaving)  approximations  must  be 
analyzed  carefully  but  lead  naturally  to  various  compet¬ 
ing  interactions,  nonlinear  potentials,  and  nonlinear  cou¬ 
plings  that  provide  model  microscopic  descriptions  (shell 
models,  superlattices,  adiabatic  polarons  and  bipolarons, 
etc.)  for  various  features  of  texture  and  the  related  opti¬ 
cal,  electronic  properties  [4].  Purely  electronic,  charge- 
transfer,  Jahn-Teller,  charged-phonon,  polarizability,  exci- 
tonic,  quantum  paraelectric,  etc.,  mechanisms  for  super¬ 
conductivity  are  probably  illusory;  and  coriventional  global 
probes  (LDA,  Rietveld,  IR,  Raman)  must  be  used  and  inter¬ 
preted  with  caution. 

The  following  two  examples  are  paradigms  for  issues 
in  this  new  era  of  complex  electronic  materials  lying 
between  traditional  solid  state  physics  and  quantum  chem¬ 
istry. 

11.  A  3-SITE  CLUSTER 

Here,  we  summarize  studies  of  a  simple  O-Cu-0 
cluster  with  linear  electron-phonon  couplings  to  illustrate 
nonlinear  polarizability,  and  its  structural  and  optical 
manifestations.  The  model  was  designed  to  represent 
a  specific  c-axis  structural  component  of  YBCO  [5]  but 
is  readily  applied  to  or  modified  for  both  intraplane  and 
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interplane  dynamical  charge  transfer  [6], 

The  cluster  (Peierls-Hubbard)  Hamiltonian  is  [5] 


[8]  are  now  available.  We  summarize  here  only  some 
predicted  optical  signatures. 


H  =  Hei  +  Hph  +  Hel-pk  ■  (1) 

The  electronic  part  is  given  by 
Hel  =  ^  ^  eQ?7.a"t~  T  h.C.^~\-U  ^  ^  • 

a  ab,a  o. 

(2) 

Here,  creates  a  hole  of  spin  a  at  site  a,  Uaa  =  cl^„Caa, 
Ua  =  naa-  Indiccs  a  =  1, 3  denote  the  axial  O  sites 
and  a  =  2  the  chain  Cu  site.  The  hopping  matrix  element 
is  tab  =  t  between  the  O  and  Cu  sites  and  tab  —  t'  for 
an  effective  hopping  matrix  element  between  the  O  sites, 
ei,3  =  Co  and  e2  =  -eq.  The  cluster  has  two  center  of 
mass-preserving  phonon  modes,  which  are  harmonic  (as 
indicated  by  LDA  results).  One  is  even  and  the  other  odd 
under  inversion;  the  symmetric  phonon  mode  is  Raman 
active  and  the  antisymmetric  one  is  infrared  active.  Using 
boson  operators  aji  and  am  with  bare  frequencies  wr  and 
ujiR,  respectively. 


Hph  =  1uLiiRa\j^aiR  -f  UbjRO^piaR  .  (3) 


Measuring  the  site  coordinates,  Va,  relative  to  their 
average  positions  Vg  =  4-  Zq,  then  the  normal 

modes,  ujr  =  y^fi/2Miu>iR{aiR  -I-  and  ur  = 
y/h/2MiujR{aR  -h  ajj),  are  given  by  uir  =  {zi  -  2z2  4- 
Z3)/x/3andUfl  =  (z\  —  zz)/\f2.  (We  have  taken  the  ratio 
of  the  effective  copper  to  oxygen  masses  as  M2 /Mi  =  4.) 
We  use  a  linear  molecular-crystal  type  interaction: 


Hei-ph  =  liR  (o,jR  +  a\j^  -  ni  j 

+  IR  (aR  +  (^ni  -f  ns  -  sq)  , 


(4) 


where  -yiR  and  'Jr  are  the  respective  coupling  constants. 
The  parameter  sq  avoids  artificial  cluster  shrinkage. 

The  parameters  in  Hgi  are  taken  here  as  ei^s  = 
0.307  eV,  62  =  -ei,3,  t  =  -0.634  eV,  and  U  =  4.44  eV, 
which  are  representative  values  guided  by  local-density 
calculations  [7].  We  use  t'  ~  f/10,  Tiujir  =  59.3  meV, 
and  hojR  =  71.5  meV.  7/i^  and  7^,  are  varied  so 
that  XAFS  structural  experiments  and  optical  data  can  be 
simultaneously  reconciled  with  the  model’s  predictions 
[5].  'fiR  =  0.143  eV  and  -jr  =  0.260  eV  with  sq  =  1-17 
lead  to  reasonable  agreement  with  experiments. 

Many  structural  and  spectroscopic  features  of  this 
model  have  been  studied.  For  example,  energy-resolved 
pair  distribution  funetion  analysis  has  been  emphasized 
-  important  because,  e.g.,  time-of-flight  neutron  sources 


Sufficiently  large  values  of  jir  dynamically  generate 
a  new  length  scale,  6£,  associated  with  a  dynamic  double¬ 
well  structure  in  the  infrared  distortion.  Here,  the  motion 
of  the  phonons  is  strongly  correlated  with  the  hole  motion: 
polaron  tunneling.  As  the  systems  moves  from  weak- 
to  strong-coupling,  the  R  active  states  show  pronounced 
minima  in  the  intermediate  region,  whereas  the  IR  active 
states  decrease  in  a  regular  fashion  [5].  The  minima  oceur 
close  to  where  the  double-well  structure  onsets.  Assuming 
that  the  model  parameters  depend  on  temperature,  this 
nonmonotonic  behavior  might  explain  the  experimental 
observation  that  the  Raman  active  state  at  ~  500  em“^ 
hardens  [9]  whereas  the  IR  active  state  at  ~  580  cm“^ 
softens  [10],  as  the  temperature  is  decreased  from  100  to 
50  K. 

The  model’s  predictions  are  in  reasonable  agreement 
with  several  experiments:  The  Cu-0  bond-length  splitting 
8£  is  0. 1 1  A  which  approximately  equals  the  XAFS 
result  [11];  a  doublet  of  IR  active  states  at  frequencies 
526  cm"^  and  614  cm“^  is  predicted  in  the  experimentally 
relevant  region  ~  580  cm“^  where  a  broad  shoulder 
is  observed  [12]  below  the  main  IR  peak;  see  Fig.  1. 
Our  526  cm~^  state  is  a  eomplicated  multiphonon  state 
involving  the  IR  degree  of  freedom,  whereas  the  614cm“^ 
state  contains  basically  two  bare  IR  phonons  and  one  bare 
R  one.  The  predicted  IR  and  R  spectra  exhibit  several 
additional  features  (Fig.  1):  (/)  The  lowest-energy  peak  in 
the  IR  absorption  occurs  at  the  polaron  tunneling  energy 
hu>T  —  127cm“^.  (n)  The  lowest-energy  features  in  the  R 
spectrum  are  located  at  317  cm~^  and  460  cm“^  of  which 
the  first  is  highly  nonlinear,  whereas  the  second  is  only  a 
weakly  renormalized  bare  one-R-phonon  state  observed 
experimentally  at  ~  500  cm~^.  (Hi)  There  is  a  clear 
progression  of  R  active  states  in  intervals  of  ~  450  cm~^, 
some  of  which  are  close  in  energy  to  the  unassigned  “state” 
at  ~  700  cm“^,  observed  by  inelastic  neutron  scattering 
[8];  in  particular,  the  state  at  744  cm“^  has  multiphonon 
character. 

The  anharmonic  mode  at  317  cm“^  offers  intrigu¬ 
ing  possibilities  for  coupling  to  the  CUO2  plane  in  terms 
of  resonant  multiphonon  and  nonlinear  excitonic  mecha¬ 
nisms.  We  also  emphasize  that  this  kind  of  model  forces 
us  to  re-examine  the  coneept  of  “adiabaticity.”  Although 
the  low-energy  behavior  as  a  function  of  7/ij  can  be  quite 
well  described  by,  e.g.,  Bom-Oppenheimer  approxima¬ 
tions,  multiple  time  scales  are  apparent  in  the  time  domain 
[13],  at  high  energies  [5],  in  the  presence  of  disorder 
and  temperature  [14],  etc:  New  experimental  precision 
requires  that  nonadiabatic  effects  are  modeled  accurately. 
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Fig.  1.  The  (a)  IR  absorption  and  (b)  R  scattering  spectrum  (arbitrary 
units)  with  77h=0.143  eV  and  7n=0.260  eV  (double-well  regime)  at 
zero  temperature.  The  R  spectrum  is  calculated  at  the  incident  photon 
energy  of  2.5  eV.  The  IR  spectrum  is  scaled  up  by  a  factor  of  20 
above  450  cm  and  by  a  factor  of  20  above  900  cm  .  Lorentzian 
broadening  with  full  width  at  half  maximum  of  20  cm""'^  has  been 
included  by  hand. 

III.  CDW-AF  CROSSOVER  IN  A  MULTIBAND 
PEIERLS-HUBBARD  CHAIN 

Including  both  electron-phonon  and  electron-elec¬ 
tron  interactions  in  mw/fiband  models  appears  [15,16]  to 
capture  important  aspects  of  competing  broken-symmetry 
ground  states  and  intrinsic  charge-lattice-spin  “textures”. 
We  summarize  a  1-D,  2-band  Peierls-Hubbard  model  [16] 
that  mimics  the  2-D  structural  distortion  (in-phase  oxy¬ 
gen  sublattice  dimerization)  found  to  be  anomalous  in 
HTC  cuprate  planes  [1]  and  that  also  faithfully  described 
quasi- 1-D  halogen-bridged  transition  chain  {MX)  com¬ 
plexes  -  1-D  paradigms  of  cuprate  and  bismuthate  mate¬ 
rials  [16,17].  See  [15]  for  a  related  2-D  study.  Even  at 
stoichiometry,  the  competition  (e-e/e-ph)  drives  qualita¬ 
tively  new  ground  states  beyond  period-4  charge-density- 
wave  (CDW)  or  spin-density-wave  (AF)  phases  -  novel 
magnetic  phases  of  frustrated,  superlattice  (long-period) 
or  spin-Peierls  type. 

The  1-D  Hamiltonian  is  [16,17] 

if  =  X1 1  (  -  *0  -b  [cl^ci+i,a  + 

l,a 

+  [e;  -  A  (A  +  A-i)]  (5) 

+  X  (A  -  fl/)^  +  , 

where  cj  ^  creates  an  electron  at  site  I  with  spin  a.  M  ) 
and  X{pz)  Wannier  orbitals  are  situated  on  even  and  odd 
sites,  respectively.  Each  M2X2  unit  cell  has  6  electrons 
(i.e.,  3/4  band  filling).  On-site  energies  are  e;  {cm  = 


—ex  =  €0  >  0).  There  is  on-site  {(3m,  (3x)  and  inter-site 
(a)  e-ph  coupling,  on-site  e-e  repulsion  {Um,Ux),  and 
pressure  P.  ai  is  the  natural  M-X  spring  length,  and  81 
is  the  relative  displacement  of  sites  I  and  I  +  1.  Both  HE 
and  exact  diagonalization  techniques  are  used. 

Model  (5)  contains  many  phases  [16].  We  focus 
here  on  intermediate  to  large  e-e  correlations  (large  (7m). 
Consider  the  zero-hopping  limit,  to  =  0.  For  Um 
dominant,  the  lower,  X-like  band  is  full  and  nonmagnetic, 
while  the  upper,  M-like  band  is  1/2  full  with  one  electron 
per  M  site  and  uncorrelated  spins.  For  to  7^  0,  as  in  the 
one-band  case,  there  is  an  effective  AF  coupling  between 
spins  on  neighboring  metal  sites,  Jmm,  driving  AF  order 
that  competes  with  band  splitting  from  the  on-site  e-ph 
coupling  p.  However,  the  lower  band  is  not  completely  full 
and  there  are  effective  AF  couplings  between  neighboring 
X  sites,  Jxx,  and  M  and  X  sites,  Jmx,  not  present  in 
simple  one-band  models.  When  the  splitting  due  to  /?  is 
on  the  order  of  U  and  eo,  the  AF  state  with  neighboring 
M-X  pairs  singly  occupied  can  become  the  ground  state. 
Thus,  the  combination  of  e-e  and  e-ph  coupling  in  the 
two-band  model  drives,  in  addition  to  nonmagnetic  CDW 
and  BOW  (bond-order-wave)  phases,  three  (competing) 
spin-Peierls  phases:  one  on  the  X  sublattice  (XAF),  one 
on  the  M  sublattice  (MAF),  and  one  involving  M-X  pairs 
and  large  lattice  distortion  (MXP).  Since  Jmm,  Jxx, 
and  Jmx  are  all  antiferromagnetic  ( J  >  0),  the  system 
is  frustrated.  When  only  one  of  the  J’s  dominates,  one 
can  numerically  check  estimates  of  the  size  of  the  J  from 
perturbation  theory  in  to  by  comparing  the  energies  of 
the  singlet  and  triplet  ground  states  [16].  Note  that  the 
CDW  phase  has  an  entirely  e-ph  driven  antiferromagnetic 
component:  Even  when  the  X(M)-sublattice  distortion 
is  large,  some  residual  M(X)-sublattice  magnetization 
remains. 

Consider  parameters  where  the  lattice  distortion  is 
large  and  driven  by  the  on-site  e-ph  coupling  /3,  and/or 
the  Hubbard  U  terms  are  large.  Figure  2  presents 
exact  diagonalization  results.  As  Um  increases  (lattice 
distortion  decreases),  there  is  a  sharp  transition  Irom 
M-M  charge  coupling  (CDW)  to  M-X  spin  coupling 
(MXP)  to  M-M  spin  coupling  (MAF),  agreeing  with 
the  to  =  0  results.  For  larger  to,  the  couplings  change 
more  smoothly;  and  charge  disproportionation,  M-X  spin 
coupling,  and  M-M  spin  coupling  coexist,  with  the  phase 
of  the  lattice  distortion  passing  from  CDW  through  MXP  to 
BOW  as  the  amplitude  goes  to  zero.  For  large  to,  even  for 
Um  =  0,  the  CDW  phase  shows  a  strong  tendency  towards 
antiferromagnetic  order  driven  by  valence  fluctuations. 

The  crossover  between  the  period-4  CDW  and  MAF 
phases  is  accompanied  by  long-period  superlattice  phases 
[18]  when  \Px/Pm\  >  1  or  the  intersite  e-ph  coupling  a 
is  large.  Superlattices  may  be  viewed  as  ordered  arrays 
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Fig.  2.  Exact  diagonalization,  16-site  ring:  (a)  lattice  distortion 
amplitude,  (b)  total  energy  Et  ,  and  (c)  NN  and  (d)  NNN  spin  correlations 
as  a  function  of  UmI^o  for  MAP,  CDW,  and  MXP  phases  at  to/eo=0.S, 
0xl0M=h  UxlUM=i;  0lflK€o=7-3UMl4€o.  For  finite  systems 
lattice  distortion  strongly  pins  competing  phases. 


of  discommensuration  (bipolaron)  defects  with  respect  to 
nearby  commensurate  (period-4)  order.  Considering  the 
effective  J’s  discussed  above,  it  is  natural  to  view  such 
states  in  terms  of  ANNNI-like  models.  Hole  doping  into 
these  soft  crossover  stoichiometric  phases  is  especially 
intriguing. 

SUMMARY 

We  have  entered  an  age  of  complex  electronic  materi¬ 
als  characterized  by  competing  interactions  and  intimately 
coupled  degrees-of-freedom  (charge,  spin,  lattice).  Grow¬ 
ing  experimental  evidence  points  to  the  pervasive  conse¬ 
quence  of  intrinsic  fine-scale  (mesoscopic)  structure  (“tex¬ 
ture”),  whose  microscopic  origins  and  macroscopic  func¬ 
tionality  must  be  understood.  Impressive  advances  in 
experimental  probes  for  static  and  dynamic  local  varia¬ 
tions  in  structure,  charge,  and  spin  provide  the  opportunity 
to  address  issues  of,  e.g.,  polarizability,  polaron  structure, 
and  dynamics  in  previously  unavailable  detail. 

Concerning  HTC  materials,  the  pairing  mechanism 
remains  speculative.  However,  it  seem  increasingly  likely 
that  charge-transfer/excitonic  fluctuations  play  an  impor¬ 
tant  role  [19,20].  Globally  ordered  phases,  whether  AF  or 
(anti)ferroelectric  or  CDW  (equivalently  ordered  arrays  of 
polarons/bipolarons)  are  of  course  not  superconductivity. 
We  need  to  be  close  to  phase  boundaries  to  take  advantage 
of  charge,  spin,  or  lattice  fluctuations.  It  is  tempting  to  use 


2-fluid  phenomenologies  -  e.g.,  in  YBCO,  strong  c-axis 
e-ph  coupling/charge-transfer  driving  in-plane  fine  struc¬ 
ture  (“flat”  electronic  bands)  that  controls  both  CDW  and 
superconducting  tendencies  of  in-plane  carriers.  However, 
suitably  extended  Peierls-Hubbard  models  can  quite  gen¬ 
erally,  and  self-consistently,  describe  competitions 
between  superconductivity  and  (anti)ferrodistortions 
(CDW,  polaron  lattice,  antiferroelectric).  The  driving  force 
for  such  competitions  could  be  Hubbard  “V”  [19,20],  etc.; 
but  the  involvement  of  charge  transfer-metal  insulator  cross¬ 
overs  [1,16],  and  explicit  electron-lattice  coupling  seems 
highly  beneficial  and  indicated  by  experiment  [1,2], 
Detailed  descriptions  of  which  lattice  distortions  are  most 
important  are  best  left  to  experimental  guidance.  How¬ 
ever,  we  now  face  the  aesthetically  pleasing  possibility 
of  unifying  superconductivity  in  cuprates  and  bismuthates 
[20]  -  and  also  possibly  quasi-l-D  analogs  [16,17]. 

We  are  grateful  for  discussions  with  many  colleagues, 
particularly  A.  Bussmann-Holder,  J.  Mustre  de  Leon, 
H.  Roder,  Z.  Tesanovic,  and  S.  A.  Trugman. 
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Carrier  relaxation  through  localized  states  in  metallic 
and  insulating  YBa2Cu307_5 

D. Mihailovich  T.Merteljh  I.Poberajh  J.Demsar^  and  C.Chen^ 


The  temperature  dependence  of  photoexcited  carrier  relaxation  in  insulating  and  metallic 
YBa2Cu307.5  and  Lai  85Sro.i5Cu04  suggests  that  carriers  relax  towards  equilibrium  by  hopping 
between  localized  states.  The  implication  is  that  in  the  optimally  doped  superconducting  phase, 
localized  states  and  extended  states  co-exist.  The  findings  confirm  the  polaronic  interpretation  of 
the  MIR  band  in  the  optical  conductivity. 


KEY  WORDS:  Carrier  relaxation;  non-equilibrium  phonons;  localized  states 


1.  INTRODUCTION 

The  study  of  non-equilibrium  phonons  in 
semiconductors  using  ultrafast  laser 
spectroscopy  has  been  very  extensive  in  the 
past  decades  because  of  the  valuable  and 
detailed  information  it  gives  about  scattering 
processes  of  elementary  excitations*.  However, 
apart  from  a  recent  study  of  amorphous  Si^  in 
disordered  or  self-localized  carrier  systems 
there  have  so  far  been  no  such  studies.  In  a 
recent  work  ,  we  have  found  that  the  methods 
can  be  usefully  applied  to  high-Tc 
superconductors  where  we  have  investigated 
the  photoinduced  insulator-to-metal  transition 
with  Stokes/anti- Stokes  Raman  scattering. 
Qualitatively  at  least,  we  have  been  able  to 
show  that  coupling  of  PE  carriers  to  certain  c- 
axis  phonons  is  significant  and  the  coupling 
changes  at  the  I-M  transition. 

More  recently,  we  have  been  studying  the 
temperature  dependence  of  the  carrier 
relaxation  rate  through  measurements  of  the  T- 
dependence  of  the  non-equilibrium  occupation 
number  n„eq  in  YBa2Cu307.5  for  0  <  5  <  1  and 
Lai.gsSro.isCuOq  and  La2Cu04  for  different 
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phonons  and  here  we  report  on  the  present  state 
of  these  measurements. 

In  a  crystalline  semiconductor,  the  intra¬ 
band  energy  relaxation  of  hot  carriers  proceeds 
via  Frohlich  or  deformation  potential  scattering 
with  phonons  and  is  relatively  temperature 
independent"*  for  carriers  significantly  out  of 
equilibrium.  On  the  other  hand,  relaxation  via 
localized  states  is  expected  to  be  strongly 
temperature  dependent  and  so  carrier  relaxation 
experiments  can  distinguish  between  localized 
and  extended  states  in  the  material  under  study. 
On  the  basis  of  the  present  measurements  we 
propose  that  the  temperature-activated 
behaviour  of  the  phonon  shake-off  is  direct 
evidence  for  the  existence  of  localized  states  in 
the  cuprates,  including  the  metallic  phase  of 
YBa2Cu307.s  and  Lai,85Sro,i5Cu04. 

2.  EXPERIMENTAL  DETAILS 

The  experiments  entail  measurement  of  the 
Stokes  and  anti- Stokes  Raman  scattered 
intensities  for  two  different  O  phonons  using 
1.5  laser  pulses  at  a  photon  energy  of  2.33  eV. 
From  these  intensities  we  can  determine  the 
non-equilibrium  occupation  number  of  each 
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phonon  from  n„eq  =  (Is/Ia  -  1)  ^  where  the 
equilibrium  occupation  number  n^q  for  each 
phonon  of  frequency  q  at  any  temperature  is 
given  by  the  Bose-Einstein  distribution 
function  at  temperature  T.  The  experimental 
set-up  IS  similar  to  the  one  used  previously  , 
with  two  important  improvements.  A  Princeton 
Instruments  nitrogen-cooled  CCD  detector  was 
used  instead  of  a  intensified  diode  array  to 
enable  us  to  have  longer  accumulations  with 
very  weak  anti-Stokes  Raman  signals.  Also, 
additional  stabilization  was  added  to  the  mode- 
locked  laser  set-up,  significantly  improving  the 
pulsewidth  jitter  and  intensity  stability  of  the 
Raman  stabilized  pulse  compressor.  As  a  result 
we  have  been  able  to  perform  temperature- 
dependence  measurements  of  the  Stokes/anti- 
Stokes  ratio  from  the  planar  340  cm'*  mode  for 
5-0.1  in  addition  to  the  much  stronger  apical 
0(4)  mode. 

3.  EXPERIMENTAL  RESULTS 

In  Figure  1  we  show  first  the  temperature- 
dependence  of  n„eq  for  YBa2Cu307.5  with  5  = 
0.75  and  for  two  different  phonons  (the  340 
and  470  cm'*  Raman-active  modes). 

The  data  are  plotted  on  an  Arrhenius  plot, 
where  we  observe  a  very  pronounced 
temperature-dependence  of  n„eq. 

There  are  two  ways  to  fit  the  data.  The  first  is 
to  assume  an  activated  law  n„eq  =  A 
ex^l-EolksT]  above  about  100  K  and  a 
departure  from  this  behaviour  below  100  K. 
The  value  of  the  activation  energies  obtained 
from  the  fit  are  34  ±  8  meV  and  64  +  8  meV 
for  the  plane-buckling  340  cm'*  mode  and  the 
apical  0(4)  c-axis  vibration  at  470  cm'*.  The 
departure,  from  an  activated  law  at  low- 
temperatures  can  be  ascribed  to  variable-range 
hopping  (VRH)  which  we  could  expect  in  a 
disordered  or  self-localized  system  at  low 
temperatures.  A  fit  (not  shown)  to  the  VRH 


model  where  n„eq  oc  exp  [-(Tq/T)*'^'*]  gives 
rather  good  agreement  with  DC  transport 


Figure  1.  The  non-equilibrium  occupation  number  for  the  340  and  470 
cm*  phonons  in  yBa2Cu307.5  (5  ~  0.75)  as  a  function  of 
temperature.  The  straight  lines  are  power  law  fits,  while  the  dashed 
lines  are  simple  activated  law  fits.  There  is  a  clear  deviation  from 
simple  activated  behaviour  below  1 OOK. 

measurements  on  Pr].xYxBa2Cu307:  the  value 
Tq  =  3000  ±  1000  K  obtained  from  our  fit  are 
within  experimental  error  of  the  value  Tq  = 
2150  -  2400  K  obtained  by  Jiang  et  al.^  on 
insulating  Pri.xYxBa2Cu307.  The  value  of  the 
most  probable  hopping  distance  7?  =  0.4  ^ 
is  about  15-20  A  at  20  K,  a  reasonable 
value  for  VRH  model  to  be  appropriate. 

The  alternative  is  to  fit  the  data  to  a  power 
law  with  n„eq  =  BT  where  the  the  carrier 
relaxation  is  dependent  on  the  square  of  the 
temperature  as  discussed  for  a  case  of  a 
disordered  semiconductor  by  Long^  with 
reasonable  agreement  over  the  whole 
temperature  range  (shown  in  solid  lines  in 
Figure  1).  The  scatter  in  the  data  prevents  us 
from  deciding  which  is  a  better  fit,  and  we 
hope  that  we  will  be  able  to  improve  the 
experimental  technique  in  the  future 
sufficiently  to  be  able  to  analyse  the  all- 
important  low-temperature  behaviour. 

The  same  experiments  were  repeated  also  on 
single  crystals  of  YBa2Cu307.5  with  6  -  0.1. 
The  results  were  cross-checked  on  crystals 
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grown  by  three  different  labs  (G.Collin-Orsay, 
H.Noel-Toulouse/Grenoble  and  C.Chen- 
Oxford)  and  we  found  no  significant 
differences  between  the  different  crystals.  The 
data  are  shown  in  Figure  2,  plotted  separately 
for  clarity  for  the  340  cm''  plane-buckling 
vibration  and  for  the  apical  0(4)  vibration  at 
500  cm''.  Again  the  data  is  fitted  with  an 
activated  model  and  a  power  law.  The 
activation  energies  obtained  are  now  rather 
close  to  each  other  :  70  and  64  ±  8  meV  for  the 
two  modes  respectively. 


Figure  2.  The  temperature  dependence  of  the  phonon  occupation 
number  for  the  340  and  500  cm  *  modes  in  YBa2Cu307.5  (5  ~  0.1). 
The  dashed  line  is  a  simple  activated  fit  to  the  data,  while  the  solid  line 
is  a  power  law  fit.  Again,  a  clear  deviation  from  the  activated  fit  is 
observed  at  the  lowest  temperatures.  The  different  symbols  correspond 
to  measurements  on  single  crytals  grown  by  different  labs. 

Again  we  see  departure  from  the  simple 
activated  behaviour  at  low  tempereatures,  but 
we  refrain  from  fitting  the  data  to  the  VRH 
model  as  there  are  not  enough  data  points  to 
make  a  reliable  fit.  The  exponents  of  the  power 
law  are  2.9  and  3.5  respectively,  which  are 
significantly  above  2  expected  for  relaxation 
through  localized  states. 

The  most  recent  data  we  have  are  on  single 
crystals  of  La2Cu04  and  Lai,85Sroj5Cu04.  Due 
to  lack  of  space  we  do  not  show  the  data,  but  it 
is  significant  that  we  observe  qualitatively  the 
same  behaviour  as  in  the  YBa2Cu307.5  samples. 
The  occupation  numbers  were  measured  for  the 


apical  O  vibration  at  420  cm''  in  both  La2Cu04 
and  Lai,85Sro,i5Cu04.  In  both  samples  we  see 
activated  behavour  above  100  K,  with  Eq  ~  60 
±  10  meV  and  68  ±  10  meV  for 

Lai.85Sro.i5Cu04  and  La2Cu04  respectively. 
There  were  so  far  insufficient  data  for  a  fit 
below  100  K  for  the  La  series. 

4.  DISCUSSION 

Assuming  that  carrier  relaxation  proceeds 
by  emission  of  phonons,  then  the  energy  loss 
rate  R  is  directly  proportional  to  the  number  of 
phonon  emitted,  i.e.  non-equilibrium  phonon 
occupation  number,  n„eq.  Here  we  Jiave  made 
an  assumption  that  the  phonon  lifetime  does 
not  change  significantly  with  temperature.  This 
is  justified  because  the  linewidth  does  not 
change  significantly  with  temperature  below 
300  K,  and  moreover,  if  we  take  into  account 
the  slight  narrowing  with  cooling,  this  gives  a 
negligible  correction  to  the  data.  It  is  not 
necessary  to  assume  that  phonon  emission  is 
the  only  relaxation  channel,  indeed  other 
mechanisms  could  (in  principle)  add  to  the 
relaxation.  However,  the  activation  energy 
measured  is  the  total  activation  energy  required 
to  move  the  carrier,  not  just  the  phonon  part. 

In  the  process  of  photoexcitation  both  a  hole 
and  an  electron  are  emitted  and  both  are 
expected  to  relax  towards  equilibrium  emitting 
phonons.  Since  we  are  investigating  different 
phonons  in  the  Raman  spectra,  it  is  possible  to 
discuss  also  which  electronic  states  are 
responsible  for  the  relaxation.  The  in-plane 
vibration  at  340  cm''  involves  displacements 
along  the  c  axis,  but  nevertheless  it  is  coupled 
to  the  in-plane  states,  as  it  involves  buckling  of 
the  plane,  which  modulates  strongly  the 
transfer  integral  between  Cu  and  O.  The  apical 
O  on  the  other  hand  is  much  closer  to  the  chain 
Cu(l)  ion  than  the  plane  Cu(2),  and  its  pz 
orbital  is  hybridized  with  the  chain  Cu  d  states. 
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Carriers  coupled  to  both  phonons  appear  to 
have  similar  activation  energies  in 
YBa2Cu306.9  which  suggests  that  it  is  one  and 
the  same  carrier  which  is  coupled  to  both 
phonons.  In  YBa2Cu306.25  on  the  other  hand, 
the  carriers  coupled  to  one  mode  appear  to  be 
different  than  the  other,  judging  by  the 
difference  in  Eq.  The  origin  of  this  differnce  is 
not  presently  understood  in  detail. 

5.  CONCLUSION 

The  present  experiments  were  performed  to 
determine  the  T-dependence  of  the  carrier 
relaxation  rate  by  measuring  the  phonon  shake- 
off  They  clearly  indicate  that  the  shake-off 
shows  strong  T-dependence  which  cannot  be 
understood  in  terms  of  semiconductor-like 
intra-band  relaxation.  The  explanation 
proposed  here  is  that  the  relaxation  proceeds 
via  localized  states  and  is  similar  on  both  sides 
of  the  I-M  transition. 

The  behaviour  can  be  modelled  in  the  same 
way  as  in  disordered  semiconductors  with 
simple  activated  carrier  hopping  above  about 
100  K  and  VRH  below  this  temperature, 
behaviour  that  has  already  been  observed  in 
transport  measurements,  albeit  only  in  the 
insulating  phase^.  The  alternative  power  law 
fits  expected  in  disordered  semiconducor^  may 
describe  the  data  quite  well  especially  for  the 
insulating  material.  However,  the  exponent  is 
grater  than  2  (in  the  metallic  phase),  which 
does  not  agree  with  the  disordered  polaron 
hopping  model,  we  presently  prefer  to  use  the 
description  of  activated  hopping  above  100  K 
with  possible  deviation  below  this  temperature 
because  of  another  relaxation  mechanism. 

The  presence  of  localized  states  within  2  eV 
of  in  the  metallic  phase  of  the  cuprates  does 
not  exclude  the  simultaneous  presence  of 
“free”  carriers  as  well.  The  Fermi  surface 
anisotropy  takes  care  of  that,  the  flat, 


“extended  van  Hove”  bands  in  photoemission 
and  the  mid-infrared  feature  observed  in  the  a( 
©)  of  all  the  optimally  doped  materials  being 
indication  of  carriers  with  large  effective  mass 
m  ,  while  the  Drude-like  carriers  seen  in  the  a( 
©)  below  500  cm"'  being  indication  of  nearly- 
free-carriers.  The  interplay  between  the  two 
makes  for  interesting  possibilities  for 
constructing  a  superconductivity  mechanism. 

ACKNOWLEDGMENTS 

We  wish  to  acknowledge  G. Collin  and  H.Noel 
for  single  crytals  of  YBa2Cu307.5.  Part  of  the 
funding  for  this  work  has  been  provided  by  the 
European  Commission  which  we  gratefully 
acknowledge. 


*  See  for  example  chapter  on  relaxation  processes  in  "High  Excitation 
and  Short  Pulse  Phenomena"  Ed.  M.H.Pilkhun  (North  Holland, 
1985) 

^  A.J.Scholten,  A.V.Akimov  and  J.I.Dijkhuis,  Phys.Rev.B  47,  13910 
(1993) 

D.Mihailovic  and  I.Poberaj,  Phys.Rev.B  50,6426  (1994) 

^  K.Seeget  “Semiconductor Physics"  sect.  6.11-6.12  (Springer,  1985) 
Wu.Jiang,  J.L.Peng,  J.J.Hamilton  and  R.L.Greene,  Phys.Rev.B  49, 
690(1994) 

^  A.R.Long,  Adv.Phys.  31,  553  (1982),  S.R.Elliott,  Adv.  Phys.  36,  135 
(1987) 


Definitive 
translations 
of  key  Russian 
research! 


To  keep  researchers  on  the  cutting  edge  of  Russian  advances 
in  science,  official  English  translations  of  the  Russian 
Academy  of  Sciences'  most  prestigious  journals  will  now 
appear  concurrently  w\th  their  Russian  counterparts. 
Published  in  Moscow  by  Maik  Nauka/Interperiodica  and 
distributed  exclusively  worldwide  by  Plenum/Consultants 
Bureau,  these  unique  journals  offer  you: 

•  Immediate  access  to  leading  Russian  research  in  chem¬ 
istry,  physics,  the  biological  sciences,  engineering,  and 
materials  sciences 

•  Accurate  translations  by  a  carefully  chosen  team  working 
closely  in  Moscow  with  Russian  authors  and  editors 

•  High-quality  printing  in  North  America  to  ensure  rapid 
delivery 

— Write  to  Plenum  for  a  free  sample  copy  of  any - 

of  these  journals! 


The  following  Maik  Nauka/ 
Interperiodica  journals  are  now 
included  in  Chemical  Abstracts! 

GLASS  PHYSICS  AND 
CHEMISTRY 

Editor-in-Chief:  O.V.  Mazurin 
Documenting  advances  in  the  understand¬ 
ing  of  the  structure,  physical  and  chemical 
properties,  and  nature  of  inorganic  glasses 
and  glass-forming  melts,  the  journal's 
range  of  coverage  includes  glass  structure 
and  modeling  techniques;  thermodynamic 
studies  of  glasses  and  glass-forming  melts; 
optical,  spectral,  thermal,  and  mechanical 
properties  of  glasses;  structures  produced 
by  ion  exchange;  and  phase  transitions. 
Volume  21,  1995  (6  issuesVISSN:  0360-5043 
Rate;  $785.00  in  US/$920.00  elsewhere 

PROTECTION  OF  METALS 

Editor-in-Chief:  Y.M.  Polukarov 
Discusses  theoretical  and  applied  prob¬ 
lems  of  corrosion  and  the  protection  of 
metallic  materials;  also  publishes  articles 
on  natural,  technological,  and  model 
media.  The  journal's  scope  encompasses 
all  approaches,  technologies,  materials, 
techniques,  and  methods  of  protection, 
monitoring,  testing,  and  evaluation  and 
research. 

Volume  31,  1995  (6  issuesj/ISSN:  0033-1732 
Rate:  $1245.00  in  US/$1 455.00  elsewhere 


RUSSIAN  MICROELECTRONICS 

Editor-in-Chief:  K.A.  Valiev 
Reports  on  developments  in  such  areas  as 
materials  and  methods  of  purifying  them; 
physical  principles  for  creating  components 
in  large  systems;  technological  principles  of 
component  and  functional  integration; 
methods  of  producing  ideal  materials  in 
small  amounts  and  in  thin  layers;  theory 
and  methods  of  designing  integrated  cir¬ 
cuits  and  electronic  equipment;  principles 
of  circuit  and  systems  analysis;  methods  of 
metrics  for  producing  and  testing  micro¬ 
electronic  devices;  and  methods  of  heat 
removal. 

Volume  24,  1995  (6  issuesl/ISSN:  1063-7397 
Rate:  $820.00  in  US/$950.00  elsewhere 


HIGH  TEMPERATURE 

Editor-in-Chief;  V.M.  Batenin 
Focuses  on  theoretical  and  experimental 
results  of  high-temperature  thermal  physics 
research  as  they  apply  to  modern  engi¬ 
neering  problems.  Coverage  includes  ther¬ 
modynamic  properties  of  substances  under 
high  temperature  and  pressure;  low-tem¬ 
perature  plasma  processes;  interaction  of 
high-energy  fluxes  with  matter;  heat  and 
mass  transfer  under  complex  conditions; 
processes  in  porous  media;  applications  of 
intensive  thermal  processes;  and  high- 
temperature  structures  and  installations. 
Volume  33,  1995  (6  issues)/ISSN:  0018-151X 
Rate:  $1245.00  in  US/$1 455.00  elsewhere 

THEORETICAL  FOUNDATIONS 
OF  CHEMICAL  ENGINEERING 

Editor-in-Chief:  V.V.  Kafarov 
Examines  new  technological  processes  in 
the  manufacturing  industry  from  a  funda¬ 
mental  science  perspective.  Phpers  cover 
fundamentals  of  heat  and  mass  transfer; 
separation  processes;  interface  phenome¬ 
na;  flow  of  particulate  solids;  bioreaction 
engineering;  optimization,  automation, 
and  control;  economy  of  energy,  metals, 
and  raw  material  resources;  environmental 
protection;  and  related  topics. 

Volume  29,  1995  (6  issues)/ISSN:  0040-5795 
Rate:  $1 160.00  in  US/$1 350.00  elsewhere 


SOLAR  SYSTEM  RESEARCH 

Editor-in-Chief:  M.Ya.  Marov 
Recent  articles  include;  ring  compression  of 
material  in  the  drop  model  of  a  protoplane¬ 
tary  disk;  numerical  method  for  solution  of 
the  integrodifferential  equation  of  the  theo¬ 
ry  of  planetary  accumulation;  comparison 
of  model  profiles  for  minor  components  of 
the  stratosphere  with  observational  data;  a 
model  of  the  stony  surface  of  individual 
regions  of  Mars;  stochastic  formation  of  the 
asteroid  belt;  and  qualitative  analysis  of 
autonomous  navigation  for  spaceflight  to  an 
asteroid. 

Volume  29,  1995  (6  issues)  T 

ISSN:  0038-0946  t 

Rate:  $995.00  in  US/$1 1 60.00  elsewhere 


INORGANIC  MATERIALS 

Editor-in-Chief:  C.C.  Devyatykh 
Examines  the  composition,  structure,  dis- 
persity,  and  properties  of  inorganic  sub¬ 
stances.  Topics  featured  include  phase  dia¬ 
grams,  semiconductors,  superconductors, 
simple  and  complex  oxides,  and  the 
prospects  of  their  practical  use  in  the 
future. 

Volume  31,  1995  (12  issues)/ISSN:  0020-1685 
Rate:  $1470.00  in  US/$1 720.00 

DOKLADY  BIOPHYSICS 

Editor-in-Chief;  V.A.  Kabanov 
Explores  a  wide  range  of  topics  in  bio¬ 
physics,  with  emphasis  on  the  action  of 
gamma  rays.  X-rays,  light,  and  ultrasound 
on  organisms.  Reflects  intense  Russian 
investigation  of  radiation  damage,  focusing 
on  the  immediate  and  long-range  effects  on 
genetic  material;  radiosensitivity  and  new 
methods  of  radio-protection;  light-induced 
biological  processes  such  as  photosynthesis 
and  pigmentation;  and  the  uses  of  pho¬ 
toionization  and  EPR  in  the  study  of  molec¬ 
ular  structure  and  reaction  mechanisms. 
Volumes  340-345,  1995  (2  issues)/ISSN:  0012- 
4974/Rate:  $435.00  in  US/$510.00  elsewhere 

COSMIC  RESEARCH 

Editor-in-Chief:  L.l.  Sedov 
Topics  covered  in  recent  issues  include: 
problems  of  single-impulse  transfer  and 
mapping  of  the  safety  zone  in  a  newtonian 
field;  nonresonant  rotations  of  a  satellite 
about  its  center  of  mass  in  the  restricted  N- 
body  problem;  evolution  of  the  rotation  of  a 
symmetrical  satellite  containing  a  spherical 
cavity  filled  with  viscous  fluid;  optimizing 
the  perturbation  maneuver  near  the  moon 
of  a  spacecraft  with  a  solar  sail  for  geocen¬ 
tric  boosting;  dynamics  and  interaction  of 
particles  and  waves  during  geomagnetic 
storms;  and  terminal  control  of  angular 
velocities  of  spacecraft  based  on  a  predic¬ 
tive  model. 

Volume  33,  1995  (6  issuesl/ISSN:  0010-9525 
Rate:  $1275.00  in  US/$1480.00  elsewhere 


D?y 


MAIK  NAUKA/INTERPERIODICA 
PUBLISHING 


Distributed  exclusively  by:  PLENUM  PUBLISHING  CORPORATION,  233  Spring  Street,  New  York,  NY  10013-1578 


Easy  access  to  vital 
information  on 
CDIVIPACT  DISK! 


Two  important  databases  for 
scientists  and  engineers  work¬ 
ing  in  universities,  research 
institutes,  and  industry 

IFI/Plenum  Data  Corporation  is 

pleased  to  announce  the  enhanced 
version  of  the  NATO  Science  and 
Technology  Disk— the  computer-readable 
compact  disk  (CD-ROM).  It  contains  the 
first  major  update  of  the  NATO-PCO  data¬ 
base  containing  over  40,000  bibliographic  w 
records  of  non-military  scientific/technical  literature^ 
sponsored  by  the  NATO  Science  Committee.  Also 
featured  for  the  first  time  is  a  special  version  of  the 
AGARD  Aerospace  Database,  which  provides 
access  to  proceedings  of  NATO’s  Advisory  Group 
for  Aerospace  Research  and  Development.  The 
easy-to-follow  menu  option  of  the  retrieval  software 
offers  simple  and  fast  access  to  the  well-structured 
data. 


The  CD-ROM  can  be  used  with  standard 
Personal  Computer  equipment  (PC  XT/AT  or 
100%  compatible,  minimum  512  KByte  RAM 
and  with  MS-DOS/PC-DOS  version  3.0  and 
above)  including  a  CD-ROM  drive. 


NATO-PCO  Database 

The  NATO-PCO  Database  covers  over  20  years  o1 
non-military  scientific/technical  meetings  and  publi¬ 
cations  in  the  NATO  Advanced  Study  Institutes 
Series.  It  contains  full  references— complete  with 
keywords  and/or  abstracts— to  more  than  40,000 
contributions  from  renowned  international  scientists. 
The  Database  covers  a  broad  spectrum  of  disci¬ 
plines,  including  •  life  sciences  •  ecology  •  medicine 
•  chemistry  •  geosciences  •  astronomy  •  mathemati¬ 
cal  and  physical  sciences  •  behavioral  sciences  • 
materials  sciences  •  engineering  •  systems  and 
computer  sciences. 


in  wniii  «n«»  HAtCs  Otvisicvn, 

ACADSMIC 

PWRUSWiNO  USA. 

MATO  AeSARCs.  a.M*  ■ 

MASiArVSA 


AGARD 
Aerospace  Database 

This  unique  bibliographic  database,  generated  by 
PCO  in  cooperation  with  NASA  (USA)  and  AGARD 
(France),  provides  vital  information  on  thousands  of 
AGARD-sponsored  publications— conference  pro¬ 
ceedings,  AGARDographs  (major  works  of  long- 
lasting  interest),  lecture  series,  reports,  and  adviso¬ 
ry  reports  published  from  about  1960-1991.  The 
Database  includes  significant  details  not  only  of  the 
publications  themselves,  but  also  of  the  papers  con¬ 
tained  within  them,  up  to  40  or  more  in  conference 
proceedings.  AGARD’s  coverage  includes  •  aero¬ 
space  medicine  •  avionics  •  flight  mechanics  •  elec¬ 
tromagnetic  wave  propagation  •  fluid  dynamics 

•  guidance  and  control  •  propulsion  and  energetics 

•  structures  and  materials  •  and  technical  information. 

The  price  for  the  CD-ROM  containing  both  databases  is 
$790.00  excluding  tax.  Annual  updates  are  planned. 


Instructions  to  Contributors 


2. 


3. 

4. 


5. 

6. 

7. 


9. 


10. 

11. 


12. 

13. 


14. 


Manuscripts,  in  quadruplicate  and  in  English,  should  be  submitted  to  one  of  the  Co-Editors: 
for  submission  of  theoretical  papers:  for  all  others: 

Dr.  Vladimir  Kresin  Drs.  Stuart  A.  Wolf  and  Donald  U.  Gubser 

Lawrence  Berkeley  Laboratories  Journal  of  Superconductivity 

2-200  University  of  California  P.O.  Box  160 

Berkeley,  California  94720  Bowie,  Maryland  20719-0160 


Submission  is  a  representation  that  the  manuscript  has  not  been  published  previously  and  is  not  currently  under  consideration 
for  publication  elsewhere.  A  statement  transferring  copyright  from  the  authors  (or  their  employers,  if  they  hold  the  copyright) 
to  Plenum  Publishing  Corporation  will  be  required  before  the  manuscript  can  be  accepted  for  publication.  The  Co-Editors  will 
supply  the  necessary  forms  for  this  transfer.  Such  a  written  transfer  of  copyright,  which  previously  was  assumed  to  be  implicit 
in  the  act  of  submitting  a  manuscript,  is  necessary  under  the  U.S.  Copyright  Law  in  order  for  the  publisher  to  carry  through 
the  dissemination  of  research  results  and  reviews  as  widely  and  effectively  as  possible. 


Type  double-spaced,  and  submit  the  original  and  three  copies  (including,  where  possible,  copies  of  all  illustrations  and  tables). 
All  copies  must  be  dark,  sharp,  and  clear.  Computer-generated  manuscripts  must  be  of  letter  quality  (not  dot-matrix). 

A  title  page  is  to  be  provided  and  should  include  the  title  of  the  article,  author’s  name  (no  degree),  author’s  affiliation,  and 
suggested  running  head.  The  affiliation  should  comprise  the  department,  institution  (usually  university  or  company),  city,  and 
state  (or  nation)  and  should  be  typed  as  a  footnote  to  the  author’s  name.  The  suggested  running  head  should  be  less  than  80 
characters  (including  spaces)  and  should  comprise  the  article  title  or  an  abbreviated  version  thereof.  For  office  purposes,  the 
title  page  should  include  the  complete  mailing  and  telephone  number  of  the  one  author  designated  to  review  proofs. 


An  abstract  is  to  be  provided,  preferably  no  longer  than  100  150  words. 

A  list  of  4-5  key  words  is  to  be  provided  directly  below  the  abstract.  Key  words  should  express  the  precise  content  of  the 
manuscript,  as  they  are  used  for  indexing  purposes. 

All  sections  should  be  numbered  with  Arabic  numerals  (such  as  1.  INTRODUCTION).  Subsections  should  be  identified  with 
section  and  subsection  numbers  (such  as  6.1.  Second-Value  Subheading).  If  applicable,  an  independent  single-number  system 
(one  for  each  category)  should  be  used  to  label  all  theorems,  lemmas,  propositions,  corollaries,  definitions,  remarks,  examples, 
etc.  The  label  (such  as  Theorem  4)  should  be  typed  with  paragraph  indentation,  followed  by  a  period  and  the  theorem  itself. 
Mathematical  notation  should  be  typewritten  wherever  possible.  If  handwritten  notation  must  be  used,  it  should  be  clear  and 
legible,  with  any  necessary  explanatory  notes  located  in  the  margin.  Equations  should  be  numbered  consecutively  with  Arabic 
numerals  in  parentheses  placed  flush  right,  and  should  be  thusly  referred  to  in  the  text  [such  as  Eqs.  (2)  and  (6)]. 

Illustrations  (photographs,  drawings,  diagrams,  and  charts)  are  to  be  numbered  in  one  consecutive  series  of  Arabic  numerals. 
The  captions  for  illustrations  should  be  typed  on  a  separate  sheet  of  paper.  All  illustrations  must  be  complete  and  final,  i.e., 
camera-ready.  Photographs  should  be  large,  glossy  prints,  showing  high  contrast.  Drawings  should  be  prepared  with  india  ink. 
Either  original  drawings  or  good-quality  photographic  prints  are  acceptable,  Identify  figures  on  the  back  with  author’s  name 
and  number  of  the  illustration.  Reproduction  of  illustrations  in  color  is  possible  by  special  arrangement,  with  the  total  cost, 
which  is  significant,  borne  by  the  author. 

Tables  should  be  numbered  (with  Roman  numerals)  and  referred  to  by  number  in  the  text.  Each  table  should  be  typed  on  a 
separate  sheet  of  paper. 

List  references  numerically  at  the  end  of  the  paper.  Use  the  appropriate  Arabic  numeral  in  square  brackets  for  citation  in  the 
text.  Where  there  are  three  or  more  authors,  only  the  first  author’s  name  is  given  in  the  text,  followed  by  et  al.  References 
should  include  (in  this  order) :  initials  and  last  names  of  all  authors,  name  of  publication,  volume  number,  starting  page  or 
inclusive  pages,  and  year  published.  The  style  and  punctuation  of  the  references  should  conform  to  that  used  in  the  journal — 
illustrated  by  the  following  examples: 


Journal  Article 

1.  T.  Ogushi,  Y.  Hakuraku,  Y.  Honjo,  G,  N.  Suresha,  S.  Higo,  Y.  Ozono,  1.  Kawano,  and  T.  Numata,  J.  Low  Temp.  Phys. 

70,  485  (1988). 

Book 

2.  E.  W.  CoIIings,  Applied  Superconductivity,  Metallurgy,  and  Physics  of  Titanium  Alloys,  Vol.  2  (Plenum  Press,  New  York, 

1986). 

Contribution  to  a  Book 

3.  C.  W.  Chu,  P.  H.  Hor,  R.  L.  Meng,  L.  Gao,  Z.  J,  Huang,  Y.  Q.  Wang,  and  J.  Bechlold,  in  Novel  Superconductivity,  S.  A. 

Wolf  and  V.  Z.  Kresin,  eds.  (Plenum  Press,  New  York,  1987),  pp.  581-597. 

Footnotes  should  be  avoided.  When  their  use  is  absolutely  necessary,  footnotes  should  be  numbered  consecutively  using  Arabic 
numerals  and  should  be  typed  at  the  bottom  of  the  page  to  which  they  refer.  Place  a  line  above  the  footnote,  so  that  it  is  set 
off  from  the  text.  Use  the  appropriate  superscript  numeral  for  citation  in  the  text. 

After  a  manuscript  has  been  accepted  for  publication  and  after  all  revisions  have  been  incorporated,  manuscripts  may  be 
submitted  to  the  Editor’s  Office  on  personal-computer  disks.  Label  the  disk  with  identifying  information — kind  of  computer 
used,  kind  of  software  and  version  number,  disk  format  and  file  name  of  article,  as  well  as  abbreviated  journal  name,  authors’ 
last  names,  and  (if  room)  paper  title.  Package  the  disk  in  a  disk  mailer  or  protective  cardboard.  The  disk  must  be  the  one  from 
which  the  accompanying  manuscript  (finalized  version)  was  printed  out.  The  Editor’s  Office  cannot  accept  a  disk  without  its 
accompanying,  matching  hard-copy  manuscript.  Disks  will  be  used  on  a  case-by-case  basis — where  efficient  and  feasible. 

The  journal  makes  no  page  charges.  Reprints  are  available  to  authors,  and  order  forms  with  the  current  price  schedule  are  sent 
with  proofs. 


JOURNAL  OF  SUPERCONDUCTIVITY 


Volume  8,  Number  4 


August  1995 


Special  Issue:  University  of  Miami  Workshop  on 
High-Temperature  Superconductivity,  Part  I  of  II 


Because  of  the  great  number  of  articles  in  this  issue,  the  contents  listing  has  been 
placed  at  the  front  of  the  issue  rather  than  here,  which  is  its  usual  position 


